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Introduction to Special Issue
CORRIM: Forest Products Life-Cycle
Analysis Update Overview
Elaine Oneil
Richard D. Bergman
Maureen E. Puettmann

S

ince its inception in 1996, the nonproﬁt Consortium
for Research on Renewable Industrial Materials (CORRIM;
www.corrim.org) has developed comprehensive environmental performance information on wood building materials
consistent with International Organization for Standardization (ISO) standards for life-cycle inventory (LCI) and lifecycle assessment (LCA) research. The majority of prior
CORRIM work on structural wood products has been
published in two special issues of Wood and Fiber Science
(CORRIM 2005, CORRIM 2010) based on data collected
and analyzed starting in 1999.
Many changes that were likely to affect the life-cycle
results have occurred since the mill survey data were
collected and compiled for the reports published in 2005 and
2010. These include changes in environmental regulations,
both at the manufacturing facilities and in the forests;
changes in operational efﬁciency due to forest sector
restructuring after the 2008 economic downturn; and
improvements in data quality across the supply chain.
Market demand for consistent, transparent information on
the environmental footprint of products has expanded
greatly over the past decade. In particular, the emergence
of environmental product declarations (EPDs) for North
American wood products, which are based on speciﬁc
guidelines as included in product category rules (PCRs),
meant that data had to be reported in speciﬁc formats to be
usable outside the academic community.
Taken together, these changes warranted this effort to
revisit the 2005 and 2010 research, collect new primary mill
survey data, update life-cycle inventory data to reﬂect current
forest management and manufacturing operations, and revise
life-cycle impact assessments (LCIA) for development of
new EPDs. To that end, this special issue of the Forest
Products Journal updates and expands on the prior CORRIM
research of six structural wood products, with two regions
analyzed for each product. In addition, we develop for the
ﬁrst time an LCA based on primary survey data on boilers
used in forest product manufacturing facilities (Puettmann
and Milota 2017). We also update regional forest resource
life-cycle data for the Paciﬁc Northwest (PNW) region and
308

report on a strategy to develop longitudinal survey methodologies for continuous data collection.

Market (EPD) Influences on LCA
Allocation Methods
Market forces are driving the development of transparent
and credible information on the environmental performance
of products that can then be reported in a standardized
format known as a product eco-label. EPDs are a type of
eco-label that summarize LCI and impact assessment data
consistent with ISO standards (ISO 2006). Under ISO, EPDs
are considered a Type III environmental declaration.
Therefore, they must be based on an LCA and report on
elements as required by the relevant PCR, in this case the
North American (NA) Structural and Architectural Wood
Products PCR (hereafter NA PCR) that was updated to meet
ISO conformance requirements in 2015 (FPInnovations
2015). Following these steps ensures that products are
comparable across a given product category. Bergman and
Taylor (2011) provide speciﬁc details on this process for
wood products, and the process has been adopted for the
reports in this special issue.
The wood product LCAs in this special issue follow the
allocation rule described in the NA PCR, which states that
when the total revenue difference between the main product
and coproducts is more than 10 percent, allocation shall be
based on the revenue (economic) allocation. The 10 percent
rule was applied on a per unit basis for each wood product.
This change, while consistent with the NA PCR, means that
The authors are, respectively, Research Scientist, Univ. of
Washington, Seattle (eoneil@uw.edu [corresponding author]); Project Leader, Economics, Statistics, and Life-Cycle Analysis Unit,
Forest Products Lab., Madison, Wisconsin (rbergman@fs.fed.us);
and Owner, WoodLife Environmental Consultants, Corvallis,
Oregon (maureen.puettmann@woodlifeconsulting.com). This paper
was received for publication in July 2017. Article no. 17-00044.
ÓForest Products Society 2017.
Forest Prod. J. 67(5/6):308–311.
doi:10.13073/FPJ-D-17-00044
ONEIL ET AL.

the LCA results reported in this special issue are not directly
comparable to prior LCA results because the basis for
partitioning the input and output ﬂows for the product
systems is completely different.
Where there are signiﬁcant value differences between the
main product and coproducts, economic allocation results
show larger environmental impacts being attributed to the
higher value product and consequently lower environmental
impacts being associated with coproducts. Taylor et al.
(2017) provide a good example of how this NA PCR change
impacts the LCA using wood-based panels as the example
product. However, economic allocation results vary considerably and can be expected to vary substantially over time
because of the volatile nature of wood product pricing and
large uncertainties in some of the pricing data (see Fig. 1,
used with permission from Taylor et al. 2017).
Primary mill survey data were collected for the year 2012.
Thus, the economic allocation is based on product values in
2012. Figure 1 shows that for the year 2012, framing lumber
is near its 25-year average, whereas southern pine plywood
is above average. Our collective observation over the course
of this project is that economic allocation decreases
transparency and increases the uncertainty of the results
for several reasons. First, the markets do not move in lock
step, which would make the relative values of products and
coproducts stable. Often, the opposite is true. Historical
records show that lumber and pulp prices are often countercyclical as well as volatile, so that when lumber is high, pulp
is low, and vice versa (Howard and Jones 2016). As chips
are often (but not always) sold as pulp, the ratio of prices
changes substantially over time. In addition, pulp prices
vary greatly among species and regions. Other market
factors outside the LCI boundary inﬂuence these relative
prices as well. They can include, but are not limited to,
product demand; regional, national, and international
markets for pulp and dimension lumber; established
markets; natural gas prices; and requirements for fuel
switching in support of renewable energy targets. Finally,
the economic allocation method substantially increases the
complexity of the LCA because virtually all primary
products produce coproducts, some of which are sold and
therefore have a market price, and some of which are used

internally where proxy prices need to be developed in lieu of
reported data. An example of a coproduct that might be used
internally or sold is bark, which is sometimes burned in the
boiler for energy and sometimes sold for use in gardening.
While economic allocations are reported in this special
issue consistent with the requirements of the NA PCR, the
challenges in interpreting economic data led us to take
additional effort to increase the transparency of our results.
To compare results with our prior work, we also presented
LCA results using a traditional mass allocation approach, as
was used in the 2005, 2010, and updated 2012 reports.
These data are provided in each individual product LCA
report available at www.corrim.org.

Forest Products Sector Structural Changes
Influencing the Results
Since primary data on wood manufacturing were
collected in the early 2000s, there have been enhanced
environmental regulations surrounding emissions of hazardous air pollutants (HAPs) from wood products manufacturing, including boiler operation (Environmental Protection
Agency [EPA] 2017). To meet regulatory requirements,
manufacturing facilities have made substantial investments
in emission control devices (ECDs), primarily for boilers
used to generate steam and heat needed for their industrial
processes. The addition of ECDs has two results. The HAP
reduction targets resulted in a shift in technologies toward
ECDs that can eliminate volatile organic compound
emissions. In some cases, there was also an increase in
the number and location of scrubbers aimed at reducing
overall HAP emissions. Both these changes can increase the
energy footprint of the manufacturing process because these
systems are fueled by natural gas and electricity (Fig. 2).
Bergman and Alanya-Rosenbaum (2017) take an in-depth
look at the impact of ECDs on the overall environmental
footprint for laminated veneer lumber and I-joists. They
conclude that the increased energy use per unit of product
relative to the older survey data can be considered an
environmental trade-off to reduce HAP emissions. Data
quality improvements could also be a factor in this increase
in energy usage. For example, new standards within both

Figure 1.—Price history for lumber and plywood, nominal prices.
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Figure 2.—Energy footprint comparison by product, region, and survey year. PNW ¼ Pacific Northwest; OSB ¼ oriented
strandboard; LVL ¼ laminated veneer lumber.

ISO and NA PCR require more detail on energy reporting.
This increased level of detail was not part of the previous
LCA results based on data gathered for earlier North
American wood product manufacturing surveys.
External and internal pressures on the forest sector have
resulted in substantial changes to the industry since data
collection began in 1999. A major inﬂuence on primary
survey quality and quantity was the 2007 to 2008 economic
downturn, which resulted in substantial forest sector
restructuring (Hodges et al. 2012, US Department of Labor
Bureau of Labor Statistics [USDOL BLS] 2017). Depending
on regional factors, restructuring usually meant fewer small
and inefﬁcient mills and a concentration of production at
larger facilities. These economies of scale are captured in
the data as increased efﬁciencies that may or may not have
been able to offset efﬁciency losses related to emission
controls as noted above. The increased interest in quantifying the environmental footprint of the sector and greater
willingness on the part of large manufacturers to participate
in the study meant that overall data quality is likely to be
higher (Figs. 3 and 4). Taken together, these factors increase
our conﬁdence in the data quality and overall LCA results.

While the focus of this update was primarily on
resurveying wood manufacturing facilities, a small portion
of the project was directed toward updating and expanding
our understanding of the environmental footprint related to
forest management and harvesting. Oneil and Puettmann
(2017) report on one of the four major wood producing
regions of the United States: the Paciﬁc Northwest (PNW).
The PNW region covers the temperate forests of western
Washington and western Oregon. In prior CORRIM forest
resource studies, modeled forest inventory data were
developed to represent average conditions across a range
of yield and management assumptions. For this study,
primary survey data were collected for industrial operations
that represent 65 percent of the total annual harvest in the
region. These data were augmented with other data sources
to arrive at a more complete picture of the impact of forest
management and harvesting in the PNW region, including
an estimate of the carbon footprint of these operations.

The Future
In the introduction to the 2010 CORRIM special issue,
Lippke and Wilson (2010) ended with a prediction that

Figure 3.—Survey respondents based on regional production for the Pacific Northwest and Southeast US regions. OSB ¼ oriented
strandboard; LVL ¼ laminated veneer lumber.
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Figure 4.—Percentage of regional production surveyed for the Pacific Northwest and Southeast US regions.

‘‘The emphasis on carbon as an important metric for judging
sustainability will likely have a profound effect on our
future and provides many opportunities for research as well
as investment in improved performance.’’ Even after only a
few short years into the future, that prediction seems to be
coming to pass. We see increased demand for information
about the attributional life cycle of forest products. Market
demands have led to the development of a PCR that requires
the reporting of carbon sequestered in the wood net of
production emissions. Architects and engineers are examining this body of work to ﬁnd accurate wood LCA
information to help improve the environmental footprint of
their designs and construction (Simonen 2014, Mayo 2015).
There have been many challenges of prior LCA work on
wood products that demand studies go beyond attributional
analysis to include the impacts of increasing demand on the
forest resource itself. Given the interest in the attributional
LCA work reported in this special issue, we expect it will
face continued scrutiny and require continuous updates to
remain relevant. Ultimately it will serve as a building block
in larger studies that assess the economic, social, and
environmental impacts of wood product use in current
markets (e.g., softwood lumber) and emerging markets (e.g.,
mass timber construction).
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CORRIM: The 20th Anniversary That
Was More Than 40 Years
in the Making*
Jim L. Bowyer
Bruce R. Lippke

Abstract
In commemorating almost anything, it can be easy to forget what came before the event celebrated. In the case of the
Committee on Renewable Resources for Industrial Materials (CORRIM) or, more accurately CORRIM II, the roots are deep,
extending at least back to 1970. This report chronicles the events leading up to the creation of the original CORRIM effort,
outlines the early history of CORRIM II, and includes observations regarding future directions. The story begins around the
time of the ﬁrst Earth Day, involves a congressionally authorized initiative focused on industrial raw materials that largely
ignored renewables, leads to action by the wood science and technology community to include consideration in federal
policymaking of wood and agriculturally derived material, and results in the formation of CORRIM I. After a period of
several decades during which raw material issues loom progressively larger, the story resumes with the reengagement of the
wood science community concurrent with development of a new environmental impact evaluation tool—life-cycle
assessment—and concludes with incorporation of CORRIM II in 1996. The end of the story, however, is also the beginning,
with much already accomplished but much yet to be done.

Materials, Environment, and CORRIM I
Industrial raw materials security was very much on the
national agenda during and immediately following World
War II. Findings were not encouraging. The ﬁnal report of
the President’s Materials Policy Commission (1952),
commissioned by Harry Truman, referred to a ‘‘large and
pervasive materials problem.’’ Outlined was a situation of
rising consumption and increasing reliance on imports for
critical raw material supplies. Environmental concerns were
peripheral although clearly in the background in discussion
of domestic materials policy.
Environmental concerns were brought into the discussion
through a report of a National Academy of Sciences (1969)
committee that had been convened 3 years earlier. The
report examined resource adequacy, population growth, the
potential for increasing or extending food, mineral and

energy resources, and relationships between resource needs
and environmental degradation. Recommendations centered
on population control as a solution.
The following year, among the measures enacted into law
by Congress and ratiﬁed by President Nixon were the
National Environmental Policy Act (NEPA) and the
National Materials Policy Act (1970). NEPA established
enhancement of the environment as a critical role of the
federal government and created the President’s Council on
Environmental Quality. NEPA would subsequently often
serve as a basis for weakening or nullifying attempts to
increase domestic raw material production.
The National Materials Policy Act established the
National Commission on Materials Policy (NCOMP). Made
up of representatives of the private sector and government,
the new commission was charged with developing a

The authors are, respectively, Professor Emeritus, Dept. of Bioproducts and Biosystems Engineering, Univ. of Minnesota, and Director,
Responsible Materials Program, Dovetail Partners, Inc., Minneapolis, Minnesota (jimbowyer@comcast.net [corresponding author]); and
Professor Emeritus, School of Environ. and Forest Sci., Univ. of Washington, Seattle (blippke@uw.edu). This paper was received for
publication in May 2017. Article no. 17-00033.
* This article is part of a series of nine articles updating and expanding on prior CORRIM (Consortium for Research on Renewable Industrial
Materials, www.corrim.org) research by addressing many of the life-cycle assessment issues related to forestry and wood products in the United
States. All articles are published in this issue of the Forest Products Journal (Vol. 67, No. 5/6).
ÓForest Products Society 2017.
Forest Prod. J. 67(5/6):312–315.
doi:10.13073/FPJ-D-17-00033
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national raw materials policy that would ‘‘decrease and
prevent wherever necessary a dangerous or costly dependence on imports’’ while also ‘‘protecting or enhancing the
environment.’’ The commission was also charged with
formulating recommendations for implementing such a
policy.
The ﬁnal report of the NCOMP (1973) set forth a number
of recommendations for addressing the nation’s raw
material needs but included only passing reference to
timber and wood resources. This omission was particularly
striking in view of the fact that the commission had engaged
retired Forest Service Chief Edward Cliff to prepare a
document focused on renewable materials (Cliff 1973), a
document that did not appear in print until 3 months
following release of the NCOMP report, or perhaps related
to the fact that President Nixon had 2 years earlier created
an advisory panel on timber and the environment, the ﬁnal
report of which (President’s Advisory Panel on Timber and
the Environment 1973) also appeared several months after
that of NCOMP. Neither report received the attention of the
earlier released document. In any event, the result was that
wood and wood products were essentially omitted from the
critical assessment of national raw material needs. In
response, several wood scientists, including Steve Preston,
associate dean of the School of Natural Resources at the
University of Michigan, and Peter Koch, chief scientist of
the Southern Forest Experiment Station, approached the
Science and Technology Policy Ofﬁce, led by the science
adviser to the president, asking that a renewable materials–
focused document be commissioned. In 1974, with support
from the National Science Foundation, the Board on
Agriculture and Renewable Resources of the National
Research Council appointed the Committee on Renewable
Resources for Industrial Materials (CORRIM)—a committee chaired by Dr. James Bethel, dean of the College of
Forestry, University of Washington—to study the role of
renewable resources in meeting future material needs.
Included among the areas to be studied were energy and
environmental implications of renewables production.
The new committee established six panels, one of
which—Panel II—was assigned the task of taking a look
at the use of wood for structural and architectural purposes.
This panel, led by Dr. Preston, also included Peter Koch;
Conor Boyd, manager of Roundwood R&D, Weyerhaeuser;
Herb McKean, vice president R&D, Potlatch; Charles
Morchauser, technical director of the National Particleboard
Association; and Fred Wangaard, former head of the
Department of Forest and Wood Sciences, Colorado State
University.
The Panel II subcommittee report (Boyd et al. 1976) was
published as a special issue of Wood and Fiber. The report
examined manpower, energy, and capital requirements for
the production of primary structural materials and included
ﬂowcharts of raw material inputs, products, and wastes for a
broad array of wood products. Energy use associated with
production of nonwood materials was also examined. The
team conclusively demonstrated, more than a decade prior
to the introduction of the ﬁeld of life-cycle assessment, the
low embodied energy of wood products in comparison to
other common building materials.
Following issuance of reports of the National Commission on Materials Policy and that of CORRIM, there was
little evidence of change in federal or state policy regarding
raw materials sourcing. In fact, public resistance to domestic
FOREST PRODUCTS JOURNAL
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production of raw materials intensiﬁed over the succeeding
decades, with increasing challenges to domestic extraction
activity often based on NEPA. Import dependence for raw
materials of all kinds continued to rise as environmental
protection moved to center stage in national policy, and
harvesting of trees for any purpose was increasingly viewed
as environmentally damaging.

The Birth of Life-Cycle Assessment
In the early 1970s, a group of environmental scientists
recognized that standardized methods for assessing environmental impacts, risks, and trade-offs associated with
industrial processes and products did not exist and that
better approaches to solving environmental problems were
needed. To address this need, in 1979 the Society of
Environmental Toxicology and Chemistry (SETAC) was
founded for the purpose of creating a forum for the
exchange of information and ideas among environmental
scientists, managers, and other professionals regarding the
analysis and solution of environmental problems.
About a decade following the establishment of SETAC, a
system for systematically evaluating environmental impacts
through the life cycle of products emerged. At the ﬁrst
SETAC-sponsored international workshop in 1990, the term
‘‘life-cycle assessment’’ (LCA) was coined. Three years
later, the International Organization for Standardization
asked a small group of SETAC LCA experts to develop
recommendations for standardizing LCA. In 1997, the ISO
14040 standard for LCA was released.

Reemergence of CORRIM
In the fall of 1991, the Forest Products Society (then the
Forest Products Research Society) sponsored a conference,
‘‘Wood Product Demand and the Environment,’’ in
Vancouver, British Columbia, in which topics ranging from
world population growth and increasing global demand for
raw materials, to environmental aspects of forest harvest and
wood use were discussed (Forest Products Research Society
1992). An informal meeting of interested parties at the end
of the second day of that meeting, held for the purpose of
discussing possible next steps, resulted in the formation of
an ad hoc committee tasked with charting a course of action.
The agreed focus of effort was expansion of the 1976
CORRIM I ﬁndings to include the investigation of a wide
range of environmental impacts, including impacts beyond
those related to energy consumption.
What followed was a search for funding, with the initial
approach to seek sponsorship from the US Environmental
Protection Agency, Resources for the Future, or the National
Academy of Sciences (NAS). Legislative approaches to
funding at the federal level were also pursued. None of these
initiatives succeeded, although they did stimulate interest on
the part of the NAS that eventually led to, among several
initiatives, a 1996 symposium, ‘‘Wood in Our Future: The
Role of Life Cycle Analysis,’’ sponsored by the Board on
Agriculture (National Academy of Sciences 1997). The
funding search also served to make those involved aware of
the need to succinctly identify exactly what was envisioned
and how a research entity might operate. Subsequently, a
workshop was held in Seattle wherein a research and work
plan was developed that provided the blueprint for
successful fund-raising.
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Almost 5 years would pass before the formal establishment of CORRIM II. On April 5, 1996, CORRIM was
incorporated in the state of Washington as a nonproﬁt
corporation composed of 15 research organizations. Stated
objectives were the following:
 Create a consistent database of environmental performance measures associated with the production, use,
maintenance, reuse, and disposal of alternative wood and
nonwood materials used in light construction.
 Develop an analytical framework for evaluating life-cycle
environmental and economic impacts for alternative
building materials in competing or complementary
applications so that decision makers can make consistent
and systematic comparisons of options for improving
environmental performance.
 Make source data available to many users, including
resource managers and product manufacturers, architects
and engineers, environmental protection and energy
conservation analysts, and global environmental policy
and trade specialists.
 Manage an organizational framework to obtain the best
scientiﬁc information available as well as provide for
effective and constructive peer review.
An initial version of CORRIM research guidelines was
prepared under a grant agreement with the US Department
of Energy as part of the American Forest and Paper
Association’s Agenda 2020 research priorities. The ﬁnal
report (CORRIM 1998) outlined guidelines for the conduct
of life-cycle inventory and economic analysis, providing
speciﬁcs regarding data collection, standards, and procedures applicable to the production and use of wood
materials. Thereafter, CORRIM formed a partnership with
the Athena Sustainable Materials Institute and harmonized
CORRIM guidelines with those of Athena (Briggs 2001).
Since that time, CORRIM has produced a number of
scientiﬁc reports covering a broad spectrum of structural
and nonstructural wood products and brought about
collaboration with scientists around the world. While there
are many journal articles, grant research reports, and other
publications based on CORRIM’s research (www.corrim.
org), three special journal issues were published by
CORRIM researchers to make the data and analysis readily
available: CORRIM 2005, LCAs for wood buildings and
their structural products produced by the Paciﬁc Northwest
and Southeast supply regions; CORRIM 2010, extensions
covering the Northeast/North-Central and Inland-West
supply regions and West Coast seismic building codes plus
medium-density ﬁberboard and particleboard as highvolume nonstructural products; and CORRIM 2012, environmental performance of wood-based biofuels. Many other
researchers have developed life-cycle data on many
products and processes (Gustavsson and Sathre 2011).
Looking back, the organization has succeeded (and
continues to succeed) in bringing the relatively new ﬁeld
of LCA to the assessment of building material alternatives.
Work of consortium members has consistently demonstrated
the low embodied energy of wood products and also
revealed environmental advantage across a wide array of
performance measures. In addition, ﬁndings have provided a
basis for understanding the carbon dynamics of wood
products manufacture and use, something that would not
have been possible without application of systematic
assessment to product and process evaluation.
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What is less well understood is how to use life-cycle data
to improve performance, such as for carbon mitigation,
perhaps the most pressing environmental issue of modern
times. Tracking carbon is complex, requiring thorough
assessment to understand carbon ﬂows, with data used for
evaluation preferably collected on a work station or machine
center basis. Further, when seeking to determine opportunities for improvement, it is not sufﬁcient to simply compare
two options because optimization requires identiﬁcation and
consideration of all possible alternatives.

Looking Forward
Going forward, the need for LCA-based information will
be greater than ever. Emphasis can be expected to shift from
individual materials and assemblies to the assessment of
entire structures—a development which is currently under
way. Moreover, LCA will be increasingly used by all
industries to inform product and process design and building
systems development so as to minimize environmental
degradation. In this regard, it cannot be automatically
assumed that wood products will continue to enjoy
environmental superiority without continued advancement
in product design, production processes, and performance.
Studies completed by CORRIM to date have identiﬁed
high environmental burdens associated with the adhesives
used in composite products and with wood drying in all
product categories, suggesting the need for strategic
investment in these areas to reduce the environmental
footprint of products and processes. Recent studies have
also pointed out the low recovery and recycling rate of
discarded wood building materials and products (Falk 2012,
Falk and McKeever 2012, Howe and Bratkovich 2013), a
reality that impacts LCA results when system boundaries
are extended to include end of life. Scenario assessment in
this case could be used to clarify tangible environmental
beneﬁts of waste recovery for energy recovery versus waste
recovery for recycling to structural and nonstructural
products. Lippke and Puettmann (2013) demonstrated a
range of impacts for different uses of collected demolition
wood and forest residuals compared with landﬁll end-of-life
impacts.
An important role of CORRIM is in improving environmental performance by evaluating various scenarios to
determine the effects of changes in process inputs on
various impact indicators. CORRIM data are also part of the
US Life Cycle Inventory Database and have been
incorporated into several widely used LCA tools for
building design and construction. In addition, inventory
data provide a foundation for development of environmental
product declarations and have been used extensively for this
purpose. Another role for CORRIM is in keeping nonwood
manufacturers honest as they develop product life-cycle
information. An example is provided by reported steel
recycling rates used in all North American LCAs completed
to date. Recent investigation (Bowyer et al. 2015) has
shown that assumed recycling rates used in assessments are
far higher than they actually are, translating to unrealistically low impact indicators for steel products. Corrections
are needed. Future assessments should also fully consider
inputs in the production of alloys and end-of-life issues in
metals separation and source mixing.
When CORRIM was formally created as a not-for-proﬁt
research corporation in 1996, the board of directors,
representing the initial 15 research institutions involved,
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emphasized that development of credible data was the ﬁrst
priority, with the assumption that this would be used by
others as a basis for informing decisions regarding material
use and environmental performance. While the focus on the
development of credible data and associated impact
assessment has been very successful, subsequent use by
industry, green building advocates, government policy
makers, and others has been inconsistent. As a result, there
remain enormous opportunities for environmental improvement through the adoption of guidelines, practices, and
policies supportive of routine incorporation of LCA into
decision making. Much work remains to be done to
familiarize building materials producers, speciﬁers, users,
environmental advocates, and those in the policy arena with
the nature and power of LCA and how to interpret and use
results.
A ﬁnal observation about life-cycle costing: life-cycle
cost information for wood buildings is today largely
unavailable in the public record. Moreover, published
information regarding expected lives of wood in service
that is currently used in life-cycle cost assessments appears
to have no scientiﬁc basis, with unrealistically low product
lives often attributed to wood products in comparison to
nonwood alternatives. Whether CORRIM is the right
organization to take on the task of creating public lifecycle cost assessment information is an open question, but
the need is great, and it is important that some organization
take on this task—and soon.
CORRIM currently has 20 member organizations (though
three are currently inactive) and remains quite active in
developing and updating life-cycle inventory data for a
broad array of forest-derived products. CORRIM currently
has funding to update life-cycle inventory data for mediumdensity ﬁberboard, particleboard, inland softwood lumber,
Northeast/North-Central region softwood lumber, and
eastern hardwood lumber and ﬂooring. Information about
the CORRIM structure, member organizations and afﬁliates,
and publications is available at http://www.corrim.org.

Conclusions
As the history and successes of CORRIM are celebrated,
it is important to remember the work of those who came
before and how their efforts laid a foundation for current
work. Although much has been accomplished, work remains
to be done. In addition to keeping assessments up to date,
there is a role for CORRIM in helping to improve the
environmental performance of products, in keeping watch
on assessments produced by others, and in pointing out
inaccuracies when they occur. There is also the possibility
(and great need) to expand activity to include life-cycle cost
assessment.
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Abstract
Life-cycle inventory (LCI) and life-cycle assessment (LCA) were used to provide quantitative assessments of the
environmental impacts of forest management activities that are required to produce feedstock for wood products such as
lumber, engineered panels, and pulp. Primary and secondary data were gathered for the Paciﬁc Northwest Douglas-ﬁr region
of the United States to produce an attributional LCA that includes planting, growing, and harvesting trees that are destined for
use in wood manufacturing. Using the Tool for the Reduction and Assessment of Chemical and other environmental Impacts
(TRACI) method, under average management conditions, forest operations can expect to generate from 10 to 18 kg CO2
equivalent (CO2 eq) per cubic meter (m3) of logs ready to leave the landing for the manufacturing facility, depending on the
amount of forest residues that are piled and burned. This same cubic meter of log plus bark will have sequestered 960 kg CO2
eq during its growth cycle, for a net greenhouse gas sink of 942 to 950 kg CO2 eq per m3. Forest management impacts are
from 1 to 13 percent of the total impacts from the cradle to gate for global warming potential and the potential to increase
smog, eutrophication, and acidiﬁcation. Upstream impacts associated with the production of herbicides are reﬂected in the
ozone potential impact category. These LCA results can be used as upstream processes for wood manufacturers interested in
developing Environmental Product Declarations for products that use these resources as inputs.

T

he Consortium for Research on Renewable Industrial
Material (CORRIM) has developed research protocols
(CORRIM 1998) and methodologies that have been used
to conduct a wide range of attributional life-cycle inventory
(LCI) and life-cycle assessments (LCA) for forestry
operations, manufacturing of durable wood products, and
cellulosic biofuels across the United States and North
America. CORRIM methodologies were designed to ensure
that results are consistent with International Organization
for Standardization (ISO) protocols (ISO 2006) and more
recently the product category rules (PCR) for North
American Structural and Architectural Wood Products
(FPInnovations 2015), thus facilitating their use in global
assessments and commercial transactions.

In CORRIM’s ﬁrst life-cycle research project, the Paciﬁc
Northwest (PNW) LCI of forest resources (Johnson et al.
2005a) was heavily based on secondary data, including
modeling of forest growth and yield of representative
Douglas-ﬁr (Pseudotsuga menziesii) stands in the region.
Results from this initial effort were developed into a series
of representative harvest scenarios in the context of LCA.
Since the original PNW forest resources LCI was published
in 2005 (Johnson et al. 2005b), there has been a tremendous
focus on the carbon footprint of wood and wood products,
not only in the literature, but in the public policy and
marketing arenas as well. In 2012 the original 2005 PNW
forest resource LCI was updated and expanded to include a
life-cycle impact assessment (LCIA; Puettmann et al. 2013)
and has subsequently been used to inform environmental
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policy and market transactions, including the development
of environmental product declarations for wood products
(American Wood Council [AWC] 2013).
In the PNW, forest operations are in a state of continuous
evolution in response to regulatory constraints, regional and
international economic drivers, and improvements in forest
management techniques. Some signiﬁcant changes include
modiﬁcations to air quality speciﬁcations that limit open
burning windows, reduced harvest from public lands, and
changes in the ownership patterns on private lands. This
project was undertaken to update and expand the Johnson et
al. (2005a) report to include information on modiﬁed
management regimes, yield information, and site treatments
that were not available during the initial investigation. In
addition, this work includes an LCIA using the Tool for the
Reduction and Assessment of Chemical and other environmental Impacts (TRACI) method developed by the US
Environmental Protection Agency (EPA; Bare 2011).
Given the increasing interest in understanding the
nuances of the potential to offset greenhouse gas (GHG)
emissions using wood products, a closer look at the
assumptions and data quality used for the initial assessment
(Johnson et al. 2005a) was warranted. The demand for
updated data was heightened by assertions that forests and
durable wood products can play a major role in mitigation of
carbon dioxide (CO2) emissions to the atmosphere, but the
accounting can be complex and is subject to broad
uncertainties that arise because of insufﬁcient or incomplete
data.
In general, the accounting can rely on two speciﬁc LCA
modalities: attributional or consequential LCA. Attributional LCA quantify inputs and outputs that are directly
attributable to the production of a speciﬁc product and rely
on average data and allocation between processes to
quantify burdens (United Nations Environment Programme
[UNEP] 2011). In contrast, consequential LCA look at
alternative scenarios at the margins (i.e., how will producers
modify their actions based on changes in external drivers)
and rely on system expansion to handle allocation questions
(UNEP 2011). With its focus on incorporating average data
from suppliers and allocating burdens to processes and
outputs, this study clearly ﬁts into the attributional LCA
category. As such, the results are suitable for applications
that require data on the attributional LCA for sawlogs from
the PNW region.

Regional Description
This regional analysis provides estimates of the yield and
emissions associated with management of representative
timber producing hectares for the area west of the Cascade
Mountains in Washington and Oregon in what is commonly
called the PNW Douglas-ﬁr region. This region is
dominated by temperate coniferous rainforests composed
mainly of Douglas-ﬁr and western hemlock (Tsuga heterophylla), with other species such as spruce (Picea spp.), true
ﬁrs (Abies spp.), and western redcedar (Thuja plicata)
making up a smaller component of the harvested softwood
volume. Owing to its temperate climate, and 75 years of
effort directed toward developing techniques that support
scientiﬁc forest management, this timber-producing region
is among the most productive in the world. The climate and
productivity advantages of the region are augmented with
the presence of a modern and efﬁcient manufacturing and
transportation infrastructure, a robust regulatory framework
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for forest operations and manufacturing, and a long history
of forest management on the part of both public and private
forest landowners.
Forest landownership is divided among large industrial,
large private, small private, tribal, state, county and local
government, and federal interests. Despite holding a
relatively small percentage of forest area, trends by
ownership by state indicate that the largest percentage of
timber harvest comes from large industrial and large private
land holdings.
In western Oregon, harvests from large private and
industrial lands have remained relatively stable for nearly
half a century with minor perturbations related to wide-scale
economic conditions such as the 2008 ﬁnancial collapse
(Fig. 1). In contrast, harvests from public lands have
ﬂuctuated widely and are in a gradual decline in response to
environmental litigation, endangered species listings, the
Northwest Forest Plan (NWFP 1993), and other pressures
for public use of lands that were previously designated for
timber production. Harvests from small forest landowners
are also stable but provide a relatively small amount of the
harvest volume over the long term at an average of 7 percent
of the total harvest and 12 percent of the private harvest
volume for the state. In Oregon, harvests from large
industrial and large private lands have never dropped below
65 percent of the total harvest volume since 1995 and
average 88 percent of the total private harvested volume
over that same period. Recent analysis (L. W. Rogers, J. C.
Comnick, and A. Cooke, unpublished data, 2017) shows that
industrial and large private landowners own 33 percent of
the unreserved productive forestlands in western Oregon.
Since 1994, they have produced 72 percent of the total
western Oregon harvested timber from that acreage. This
landowner group also holds an additional 6 percent of the
forested area, which is classiﬁed as reserved forest (i.e.,
unavailable for harvest). In comparison, small forest
landowners hold 20 percent of the productive timberland
in western Oregon and harvest 10 percent of the total
reported timber volume during the same time period.
In western Washington, harvest on large private and
industrial forestland has averaged approximately 61 percent
of total timber volume and 83 percent of the volume on
private lands since 1965 (Fig. 2). Since the spotted owl
(Strix occidentalis) was listed under the Endangered Species
Act and the NW Forest Plan was implemented in 1993,
average harvest levels on private and public lands have
declined in lockstep, with the relative percentage of volume
removed by each landowner group largely unchanged.
Among private landowners there has been a slight shift in
the allocation of harvest volume over the period, with small
forest landowners now harvesting about 25 percent of the
total private timber volume offered for sale, whereas they
harvested approximately 17 percent of the private timber
volume overall since 1965. Given the predominance of
harvests from large private and industrial landowners in the
PNW Douglas-ﬁr region, this analysis targeted information
on management, yield, and operations of this subset of
landowners as representative of the region.

LCA Goal and Scope Definition
The goal of this work was to update and revise energy and
material inputs and outputs associated with the production
of softwood logs grown in the PNW region of North
America. The results can be used as upstream inputs for the
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Figure 1.—Timber harvest volume and trends for private landowners relative to total harvest volume, western Oregon. Source:
Compiled from data from https://data.oregon.gov/Natural-Resources/Timber-Harvest-Data-1942-2015/v7yh-3r7a/data.

development of attributional LCA for all wood products that
are manufactured in the region from softwood logs. The
attributional LCA framework quantiﬁes inputs and outputs
used in the production of a functional unit of product, in this
case a cubic meter of sawlogs destined for a manufacturing
facility.
The scope was limited to the evaluation of the inputs and
outputs as deﬁned by the system boundary (Fig. 3). It begins
with silvicultural operations that include site preparation
(preparing the site for planting of new seedlings using
herbicides and/or slash piling), planting, and stand management (including herbicide applications and pre-commercial
thinning on a subset of hectares) and ends with harvesting
operations that include felling (cutting the trees down),

yarding (moving the trees to the landing or roadside),
processing (cutting the trees into lengths suitable for
transport), and loading onto the logging truck, with forest
residue management postharvest.
Hauling is reported in this analysis as an average across
all types of end products. Hauling is summarized separately
to facilitate gate-to-gate analysis for individual manufacturing types that rely on mill surveys to adjust input haul
distances that reﬂect their unique feedstock acquisition
regions. Inputs include seedlings, fuel and electricity to
grow seedlings, fuel use for site preparation and management, herbicides and their application, and harvesting,
including any mid rotation thinning operations. Outputs
include emissions related to the production of 1 m3 of logs

Figure 2.—Timber harvest volume and trends for private landowners relative to total harvest volume, western Washington. Source:
Compiled from data from http://www.dnr.wa.gov/TimberHarvestReports.
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Figure 3.—System boundary for Pacific Northwest forest
resources life-cycle assessment.

destined for the manufacturing facility, the logs themselves,
and waste including forest residues.
Inputs and outputs are derived based on weighted average
values for all production processes. While there can
sometimes be removal of residues for use in bioenergy
applications, data on that potential recovery activity were
not collected or assumed for this analysis. Because there
were no coproducts, all burdens were allocated to the logs.
The results report burdens for 1 m3 of logs loaded and ready
for transportation to a manufacturing facility. Although logs
are transported green, the allocations are based on their oven
dry weight per cubic meter.
When trees are harvested, the tops, limbs, damaged, and
undersized trees are left as forest residues. These residues
can be either left behind to decay in situ, yarded to the
landing where they are piled and left to decay, piled and
burned, or removed as a source of bioenergy feedstock. If
the material is removed from the site as a source of
bioenergy, it becomes a coproduct and can be assigned
upstream forestry burdens and consequent impacts. That
case is outside the scope of this analysis. If the material was
left to decay in situ, it was excluded from the analysis as
being outside the system boundary. If the material was
burned to meet ﬁre hazard abatement regulations, or to
increase plantable spots, it generated emissions that were
captured in the life cycle and allocated as a burden to the
harvested wood volume. Accounting for the amount of
residues and producing estimates of the volume that could
be burned were included as part of the analysis.

Methods
Data development
A wide range of primary and secondary data sources were
used to characterize the cradle-to-gate LCI for the
production of a cubic meter of logs in the PNW region.
Table 1 identiﬁes data sources and summarizes inputs and
outputs per hectare and per cubic meter for all process steps.
FOREST PRODUCTS JOURNAL
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Detailed descriptions of each input follow and are
summarized by management and harvesting activity in
subsequent tables.
Forest yield, rotation age, and management systems were
based on a combination of primary survey data of forest
landowners, literature sources, the Washington State Forest
Land Database (Rogers et al. 2012), and evaluation of
harvest statistics for the two-state region (Oregon DATAMart 2015, Washington Department of Revenue [WA DOR]
2015). Primary survey data for management and operations
were from large industrial and large private landowners for
the survey year 2010. Statewide harvest statistics from 2010
were used for comparative purposes. This subsample of
forest operations within the region is representative of 65
percent of the total annual harvest volume across the twostate region. In western Oregon, 75 percent of the harvested
volume (2010 data) came from large industrial and large
private forest landowner holdings. That same year, 53
percent of the harvest volume in western Washington came
from this landowner group. Overall, PNW timber harvest
was approximately 5 billion board feet (BBF) in 2010, of
which 3 BBF (65%) was from industrial and large private
land holdings.
Table 2 summarizes data collected to represent the
average treatment regime by harvest type for large private
landowners in the PNW Douglas-ﬁr region. Commercial
thinning operations occur on approximately 14 percent of
the forestland that will ultimately be harvested using a
ground-based system at year 50, which is equal to 8 percent
of the total harvest area. Commercial thinning operations
typically occur between the ages of 25 and 35 years
depending on site productivity, stand density, tree size,
yield, and potential economic return. The ultimate decision
to opt for commercial thinning is driven by the interaction of
all these variables and is therefore highly variable in timing
and extent. For this analysis, a conservative estimate of
yield early in the rotation was used as a reasonable scenario
given the high harvest volumes reported at year 50.
The allocation of ﬁnal harvest type between ground-based
and cable-based harvest systems is driven by the amount of
land that is too steep to safely harvest with ground-based
equipment. In this case, for ﬁnal harvest at year 50, the
forest is harvested using ground-based systems 56 percent of
the time and cable-based systems 44 percent of the time.
Almost always the ﬁnal harvest removes all but designated
reserve trees (wildlife retention trees or green retention
trees) in order to facilitate the establishment of a new crop
of shade-intolerant Douglas-ﬁr using an even-aged silviculture system.
Volume and yield information in management surveys
was reported in the US measurements of thousand board feet
(MBF). This system of measures relies on a complex set of
rules that vary by region, log diameter, and length (Briggs
1994). To ensure consistency with downstream data uses,
the conversion factor used to convert MBF to cubic measure
(cubic feet or cubic meters) used for this study was taken
from mill survey data for PNW lumber mills (Milota 2015),
which reﬂects the average size of harvested logs entering
these mills. Conversion from MBF to cubic meters used a
factor of 0.1395 MBF/m3. Weighted average density was
calculated at 464 kg/m3 (oven dry wood on a dry basis
moisture content) based on weighted average speciﬁc
gravity by species (Oregon DATAMart 2015, WA DOR
2015) and average moisture content of harvested logs
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Table 1.—Data sources and amounts for inputs/outputs.
Inputs/outputs

Input/output
per ha

Input/output
per m3

Data sourcesa

Data required for

Seedlings (no.)

1,092

2.096

Regeneration

1

Herbicides (kg)

4.437

0.009

Site preparation/
release

1

Fertilizers (kg)

71.734

0.138

Stand management

1

Gasoline (liters)

109.553

0.210

Stand management
and harvest

Calculated from 1
and 2

1,588.400

3.049

Stand management
and harvest

Calculated from
1, 2, 3

Jet fuel (liters)

7.852

0.015

Site preparation and
stand management

Calculated from 1

Electricity (MJ)

0.000

2.66E07

For seedling
production

2

Lubricants (liters)

24.943

0.048

For equipment usage

2, 3

Sawlog yield (m3)
Residue yield (kg)

521
68,063

1
130.6

Output
Waste left to decay
or burn

1
Calculated from
sawlog yield
using equations
from 2
Calculated from
residue yield
using equations
from 4, 5

Diesel (liters)

Emissions from pile
burning (see Table 3 for
emission by species)
a

Emissions to air

Supporting
upstream data
Electricity and
fertilizer use
Upstream production
processes and
emissions
Upstream production
processes and
emissions
Upstream production
processes and
emissions
Upstream production
processes and
emissions
Upstream production
processes and
emissions
Upstream production
processes and
emissions
Upstream production
processes and
emissions

Source
2
Ecoinvent 3.0

US LCI

US LCI

US LCI

US LCI

US LCI

US LCI

1 ¼ landowner survey; 2 ¼ Johnson et al. (2005a, 2005b); 3 ¼ Han et al. (2014); 4 ¼ Battye and Battye (2002); 5 ¼ Prichard et al. (2006).

(Milota 2015). Stem yield is always calculated exclusive of
bark; therefore, average relationships of bark to stem
biomass from Milota and Puettmann (2017) of 12.8 percent
were used to calculate bark volume, which was included in
total forest residue estimates. Together these factors were
used to convert MBF to cubic meters and calculate the
volume of logs that could be moved at one time during
yarding and hauling operations. These factors were also
used to convert the average volume that is removed during
harvesting into SI units as shown in Table 2. Volume was
Table 2.—Management and harvest timeline and yield.
Prescription scenarios

Commercial thin

Ground

Cable

Entry period/rotation age
Planting density (trees/ha)
Fertilization
Precommercial thin
No. of trees/ha
Commercial thin (m3/ha)
Commercial thin at year
Final harvest (m3/ha)
Final harvest at year
Total harvest (m3/ha)
Percent thinned
Average yield (m3/ha/yr)
Percent land in category, base

25
0
None
None
0
92
25
0
0
92
100
4
8

50
1,092
35
Year 15
741
0
0
575
50
575
14
12
52

50
1,092
None
None
0
0
0
531
50
531
0
11
40
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allocated between harvest types (commercial thin, ground,
and cable harvest) based on primary survey data.

Forest management operations and inputs
Table 3 summarizes the management inputs needed to
establish crop trees and grow them to harvestable size. It
includes per hectare data for inputs needed for planting, site
preparation, conifer release, pre-commercial thinning, and
fertilization, including fuels needed to apply herbicides and
fertilizers and move crews to and from the plantations.
Speciﬁc details are as follows.
In both Oregon and Washington, forest regeneration
following harvest is required by law. Minimum stocking
standards (number of trees per hectare) and requirements to
protect them from being overtopped by competing vegetation are set forth in the Washington Administrative Code
(Washington State Legislature 2005, WAC 222-34-010) and
the Oregon Forest Practices Act (Oregon Department of
Forestry 2008, 629-610-0020). While regeneration from
naturally occurring seed is permitted under these regulatory
frameworks, it is not commonly used because the delays in
regeneration can be substantial and costly, and this method
can result in a failure to adequately reforest the harvest area.
Given that large private and industrial landowners are
focused on the efﬁcient production of their crops of trees, it
also does not make economic sense to forego planting in
favor of an uncertain outcome from naturally regenerated
ONEIL AND PUETTMANN

Table 3.—Management inputs (per hectare).
Planting
Seedlings
Glyphosate (kg/ha)
Sulfometuron-methyl (kg/ha)
Surfactant (liters/ha)a
Tank mix H2O (liters/ha)
Jet fuel (liters/ha)
Diesel (trucks) (liters/ha)
Urea (46-0-0) (kg/ha)
Chainsaws (liters/ha)
Percentage of area treated
a
b

Aerial herbicide

Ground herbicide

2.80
0.13
0.03
93.54
4.68
2.34

2.80

Fertilization

Precommercial
thinning

1,092

5.16

100

125b

0.02
93.54
7.02

28.8

12.44
2.34
448.34
16.0

7.02
4.21
27.0

Surfactants that are commonly used in combination with glyphosate herbicides contain a mix of nonionic vegetable-based emulsiﬁers.
62 percent of area treated for site prep, 63 percent of area treated for release.

stands. Over the past decade, plantation management
strategies have moved away from dense planting for early
crown closure to a more targeted approach that relies on
early weed control, low-density planting, and post planting
herbicide applications as required. All harvested acres are
planted, with an average planting density of 1,092 trees per
ha (442 trees per acre).
Herbicides are used for both site preparation and removal
of competing vegetation after planting in conifer release
treatments. The most commonly used sequence for site
preparation is to pretreat the area using aerial application of
herbicides. This treatment scenario is estimated to occur 62
percent of the time on industrial lands. Depending on the
level of brush competition over planted seedlings, a second
herbicide treatment may occur 3 to 5 years after planting.
This second treatment can be via aerial or ground
application depending on the level and distribution of brush
impacts. Post planting herbicide applications must consider
the potential for seedling damage and are therefore designed
to target speciﬁc brush species and/or areas with the
minimum amount of herbicide required to meet efﬁcacy
goals. A post planting aerial herbicide treatment on a subset
of hectares with heavy weed competition occurs on 63
percent of the hectares. An additional 29 percent of the total
acreage is treated with ground-based herbicides as a conifer
release method. In total, herbicides are applied an average of
1.25 times per 50 years using aerial methods and 0.29 times
using ground methods (Table 3).
A wide range of herbicides are licensed for forestry use in
the PNW for both pretreatment and post planting weed
control. Over 90 percent of the time a glyphosate
formulation, either alone or in combination with a
sulfometuron-methyl formulation, is used to control brush
(herbaceous or woody weed competitors) prior to planting.
The herbicide mix for site preparation typically includes 2.8
kg/ha (2.5 lb/acre) of glyphosate with 0.015 to 0.03 liters/ha
(2 to 4 oz/acre) of sulfometuron-methyl plus 93.5 liters/ha
(10 gal/acre) of water and a surfactant to ensure the product
disperses effectively and sticks to the leaves. For conifer
release, herbicide applications assumed only glyphosate as
the active ingredient.
Material safety data sheets of surfactants that are
commonly used with glyphosate herbicide provide a
summary of their chemical constituents listed as a
proprietary blend of ethoxylated fatty amine (i.e., some
kind of soap), a glycerol acid complex (i.e., some kind of
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lecithin), polyoxyethylene ether blend, pH adjusting agents,
and deposition agents. Because of this lack of data quality
with respect to identifying constituents and no way to
identify their percent volume/volume of total product, this
process was inserted into the LCI as a ‘‘dummy process.’’
The total mass of the surfactant per cubic meter is much less
than 1 percent of the LCIA per cubic meter of harvested
logs, so this omission is considered of minor signiﬁcance to
the overall LCI and assessment performance.
Older stand management cooperative survey data indicate
that the application of urea fertilizer is used on approximately 16 percent of the area, but this is likely an upper
bound estimate owing to its high cost. Urea fertilizer is used
at up to 448 kg/ha (400 lb/acre) and is distributed using
aerial methods (Table 3).
Owing to higher planting densities that occurred 15 to 35
years ago, pre-commercial thinning occurs over 27 percent
of the area (Table 3). This practice is expected to decline in
the future except for in wetter coastal regions that typically
experience signiﬁcant ingress of naturally regenerating
trees.

Harvesting operations
The allocation of harvest systems was obtained from
primary survey data and indicates that most of the area is
harvested using ground-based systems (8% from commercial thinning, 52% at ﬁnal harvest; Table 2).
Harvest operations can use a wide range of equipment
conﬁgurations depending on terrain, volume, piece size
constraints, and prescription requirements. Primary survey
data indicated that ground-based systems typically used a
feller-buncher to cut the trees, a shovel for yarding, and a
processor to cut trees to the appropriate merchandizing
length at the landing or roadside. For commercial thinning
operations where damage to the residual standing trees
needs to be minimized, the equipment is smaller and usually
will rely on a cut-to-length processing/cutting head. Loading
typically requires a large loader at the landing for groundbased ﬁnal harvests. For low volume commercial thinning
operations, a self-loading truck may be used in place of a
loader. However, for commercial thinning operations
reported in this analysis, it was assumed that a small loader
was used at the landing rather than a self-loading truck. For
harvesting on very steep slopes, the equipment conﬁguration
is substantially different. In these cases, cutting relies on
manual felling with yarding done by a cable or skyline
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system. Trees are either felled and bucked to length in the
woods with minimal processing at the landing, or they can
be whole-tree yarded to the landing and processed to the
appropriate size there. For this analysis it was assumed that
trees were yarded to the landing without in-woods bucking
and processed on the landing.
No primary data using time motion studies or similar
methods were collected for this project. Productivity data
for forest harvesting operations were based on logging
equipment and equipment conﬁgurations developed in
spreadsheet models used by Johnson et al. (2005a) and
Han et al. (2014) and cross validated to primary survey data
for the suite of available equipment options and sizes that
are commonly used in the PNW Douglas-ﬁr region (Table
4). Fuel consumption rates were aggregated to produce per
cubic meter by harvest type rates as inputs into the LCI.
Final fuel consumption rates are based on the allocation of
total volume harvested using each harvest system to arrive
at an average fuel consumption per cubic meter for the
region. Fuel consumption for crew transport to conduct
harvest operations was calculated from average haul
distance, fuel efﬁciency of common vehicle types (4 3 4
trucks), and equipment productivity estimates (cubic meters
per day per operation). Two-person crews per vehicle were
assumed.
Because of ﬁre hazard abatement laws, some areas
require postharvest treatment, which includes burning slash
at the roadside or landing. Historically, broadcast burning
was used to reduce ﬁre hazard and prepare the site for
planting. However, it is no longer a common silvicultural
practice in the PNW owing to constraints on timing related
to air quality indicators, smoke management, and ﬁre hazard
conditions. It has been included in this analysis only to
provide a retrospective view of the impacts of changing
practices on the overall environmental footprint of forest
operations over time.
There are large uncertainties in the estimates of forest
residues that remain after harvest operations. The following
assumptions were used to calculate forest residue volume
and mass for the two ﬁre hazard abatement scenarios:
herbicide plus pile and burn, and broadcast burn. Harvested
logs were cut from the roots approximately 30 cm from the
ground. The merchantable part of the log was from the ﬁrst
cut of the stem up to a minimum diameter of 10 to 15 cm (4
to 6 in.) depending on markets and harvest speciﬁcations.
The tops include all stem parts that were smaller than the
minimum diameter, plus branches. Decay, waste, and
breakage (DWB) included everything within the merchantable part of the log that cannot meet minimum length or
quality speciﬁcations because it was decayed, too short, or
broken during operations. For PNW ﬁnal harvest operations
utilization was high, so DWB was typically in the 5 to 10
percent range. For commercial thinning operations, DWB is
typically higher because of the operational constraints of
moving between standing trees and having to remove nonmerchantable trees in the path of the machinery. Default
values of 20 percent DWB for commercial thinning and 5
percent for ﬁnal harvests were used for this analysis. The
total volume of forest residues therefore comprises the
DWB and the tops. Mass of forest residues is calculated
based on modeled relationships between stem, bark, roots,
and crown biomass using Browne (1962), as these equations
were found to provide the best residue to stem relationship
for PNW Douglas-ﬁr forests, based on surveys conducted
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Table 4.—Harvesting inputs (per cubic meter).

System
Commercial thinning (cut-to-length
processor, skidder, loader)
Ground-based harvesting (feller-buncher,
shovel yarder, slide boom processer,
loader)
Cable-based harvesting (hand felling,
skyline, cut-to-length processor, loader)
Weighted average, ground harvesting
systems
Overall weighted average, all harvest
systems
Weighted average, crew transport all
harvest operations

Fuel
consumption
(liters/m3)

Lubricant
consumption
(liters/m3)

2.372

0.043

3.172

0.057

3.029

0.055

3.062

0.055

3.051

0.055

0.210

0.0016

for the Washington Biomass Assessment (WABA; PerezGarcia et al. 2012).
If ﬁre is used, not all residues are burned because not all
forest residues make it to the landing. Data from WABA
surveys (Perez-Garcia et al. 2012) and modeling suggest a
maximum of 68 percent of the residues will be yarded to the
landing. These factors taken together result in estimates of
42.3 to 48.8 metric tons per ha of residues that reach the
landing during cable- and ground-based ﬁnal harvests,
respectively. This amount would be equal to 1.6 to 1.8 fully
loaded logging truckloads per ha if the residues could be
loaded on a logging truck. Open burning does not result in
complete combustion; therefore, it was assumed that
approximately 90 percent of the total biomass would be
consumed when piles were burned. For broadcast burning,
65 percent of total residues are assumed to combust
(Prichard et al. 2006).
There are also high levels of uncertainties in calculating
emissions from open burning. Best available data from the
literature (Battye and Battye 2002, Prichard et al. 2006)
were used to calculate emissions from burning forest
residues that have either been piled or are consumed during
a broadcast burning. The emission proﬁles cover a range of
chemical species including particulate matter (PM10,
PM2.5), carbon monoxide (CO), carbon dioxide (CO2),
methane (CH4), nonmethane hydrocarbons (NMHC), elemental carbon, organic carbon, oxides of nitrogen (NOx),
ammonia (NH3), volatile organic carbon (VOC), sulfur
dioxide (SO2), methanol, and formaldehyde. Some of the
factors are constants and some rely on a number of coarse
scale relationships that vary depending on burn stages
(ﬂame, smolder, and residual). Taken together, these
variables were used along with assumptions about total fuel
consumption, the ratio of ﬁne to coarse materials, and total
material available, to arrive at emission factors that reﬂect
probable air quality impacts from either of these open
burning activities as shown in Table 5.
Haul distances and ancillary data are based on data from
the Washington State Log Truck Survey (hereafter log truck
study; Mason et al. 2008), which has been cross checked
and validated with private forest industry surveys, published
literature sources, and the Washington State Biomass
Calculator (Rogers et al. 2012) database. The log truck
study (Mason et al. 2008) contains data on average haul
distances, productivity, mileage, and efﬁciency of the
ONEIL AND PUETTMANN

Table 5.—Emissions from wood combustion during pile and
broadcast burning.a
Air emissions
(g/kg of
dry wood)
PM
PM10
PM2.5
CO
CO2
Methane
Nonmethane
hydrocarbons
Calculated decimal
percent
Elemental carbon
Organic carbon
NOx
Ammonia
VOC
SO2
Methanol
Formaldehyde
a

Piled slash

Broadcast burn

Ground-based Cable-based Ground-based Cable-based
harvest
harvest
harvest
harvest
15.18
4.40
3.90
65.25
1,687.12
4.54

15.15
4.41
3.91
65.56
1,686.44
4.57

26.37
18.38
8.42
194.85
3,290.86
6.32

26.41
18.43
8.50
196.13
3,288.53
6.36

4.08

4.09

4.88

4.90

0.96
0.28
2.11
2.50
0.48
5.55
0.83
0.65
1.04

0.96
0.28
2.11
2.50
0.48
5.57
0.83
0.65
1.05

0.94
0.61
4.55
2.50
1.42
16.56
0.83
1.93
3.12

0.94
0.61
4.59
2.50
1.43
16.67
0.83
1.94
3.14

PM ¼ particulate matter; CO ¼ carbon monoxide; CO2 ¼ carbon dioxide;
NOx ¼ oxides of nitrogen; VOC ¼ volatile organic carbons; SO2 ¼ sulfur
dioxide.

trucking ﬂeet in Washington State. These data were used as
a proxy for the entire PNW Douglas-ﬁr region.
Unlike other transport vehicles in the US LCI database
(National Renewable Energy Laboratory [NREL] 2012), log
trucks carry a payload in only one direction from the forest
to the milling facility. They also travel on poor quality
gravel roads for a portion of the haul distance, which results
in low average travel speeds and low effective mileage
rates. Mason et al. (2008) found that 17 percent of the haul
distance in western Washington is on gravel roads. Average
fuel efﬁciency from the log truck survey was calculated at
2.17 km/liter (5.1 mi/gal). Average haul distance from the
landing to the drop location (manufacturing facility or
export yard) was calculated at 104 km (Mason et al. 2008),
which is nearly identical to the haul distance from primary
survey data for this study (107 km) and near the value for
lumber production in the PNW of 108 km (Milota and
Puettmann 2017).
Forest management and harvesting data described above
were aggregated, weighted to reﬂect allocation among
treatment types, and converted to metric units for input into
the SimaPro software package (version 8.3.0.0; Pré
Consultants 2012), which was used to conduct the LCI
and LCIA. Upstream data needed for the LCI were
generated using emission factors for fossil fuel use (diesel,
jet fuel, and gasoline), chemicals (herbicides and fertilizers),
and electricity based on upstream ﬂows from the US LCI
database and Ecoinvent 3.0 databases within SimaPro
8.3.0.0. Ecoinvent databases were updated to reﬂect US
electrical grid, fuel, and chemical values where such data
were available and applicable. Ecoinvent databases used the
system model ‘‘allocation, default units’’ consistent with the
attributional LCA approach taken in this study. The LCIA
was generated using the TRACI method (version 3.02,
updated 2009; Bare 2011). The TRACI method excludes
emissions of biogenic carbon dioxide and biogenic carbon
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monoxide to the air consistent with the current US approach
that treats biogenic carbon dioxide emissions as carbon
neutral (Government Printing Ofﬁce 2016). Results were
generated using both this standard approach and a modiﬁed
approach that uses the TRACI method with biogenic CO2
emissions included for comparative purposes.

Results
Life-cycle assessment
Using data values and allocations as identiﬁed in Tables 2
and 3, an LCI was completed on a per hectare basis for
forest management activities. That per hectare value was
converted to a per cubic meter value based on the total
harvested volume per hectare to generate an attributional
LCIA for forest management activities as shown in Table 6.
Relative contributions to each of ﬁve reported impact
categories (ozone depletion, global warming potential
[GWP], acidiﬁcation, eutrophication, smog) and fossil fuel
use are shown for the main processes that occur during
forest management operations in Figure 4.
Table 7 provides the LCIA for selected impact categories
for forest management, harvesting operations, hauling, and
alternatives that include herbicide use only or herbicide plus
burning forest residues on the landings. These two
alternatives are routinely chosen as site preparation
techniques with the choice depending on a number of risk
variables. The risk variables pertain to the potential for ﬁre
to start at the landing after harvest if no ﬁre hazard
abatement occurs, the amount of residue that remains on
site, public access to the site, whether or not a burn could be
conducted safely while meeting air quality objectives, and
overall ﬁre hazard abatement goals. While ﬁre is a useful
silvicultural tool to manage excess debris, ﬁre risk, and clear
planting sites, increasing regulatory limits have constrained
its use over time.
Table 8 expands on this issue of ﬁre emissions potential
by including broadcast burning. Broadcast burning involves
establishing a ﬁre line around the harvest unit and then
burning the entire area to reduce slash cover and/or deep
organic layers, increase the number of plantable spots,
reduce weed invasion, and sometimes to control disease or
insect problems. Broadcast burns can be ignited using
ground crews or helicopters for aerial ignition. Aerial
ignition was modeled in this analysis. While broadcast
burning replicates the impact of a wildﬁre in many ways,
there is less material to burn on the site, and the ﬁre is not
started until weather and fuel conditions provide a
reasonable chance of controlling the outcome. This site
preparation practice is no longer regularly used because of
concerns over air quality impacts and because of the
regulatory requirements to retain standing live trees within
harvest units to meet long-term ecological functions. It is
included here as a historical reference only. Figure 5
compares the impacts for the three site preparation
alternatives across the ﬁve impact categories and fossil fuel
use.

Biogenic carbon
In Tables 6, 7, and 8, the default TRACI method for
calculating GWP is used. Within the TRACI model,
biogenic carbon dioxide emissions are not counted as a
contribution to GWP (Bare 2011). In order to override this
model architecture, the TRACI model was modiﬁed to count
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Table 6.—Forest management contribution for Pacific Northwest resources including planting, site preparation, weeding, and
fertilization per cubic meter.a

Impact category
Global warming potential
Acidification potential
Eutrophication potential
Smog creation potential
Ozone depletion potential
a

Unit
kg
kg
kg
kg
kg

CO2 eq
SO2 eq
N eq
O3 eq
CFC-11 eq

Total

Herbicide treatments,
site prep and release

5.697E01
5.995E03
1.072E03
8.053E02
1.307E08

8.751E02
6.382E04
8.851E04
5.320E03
1.295E08

Seedlings

Fuel use for site prep,
planting, fertilization,
PCT, and release

Nitrogen fertilizer

8.495E02
8.371E04
5.331E05
1.541E02
2.366E12

1.279E01
1.769E03
1.058E04
5.618E02
5.269E12

2.694E01
2.750E03
2.732E05
3.600E03
1.063E10

Site prep ¼ site preparation; release ¼ post planting herbicide treatments to remove competing vegetation; PCT ¼ pre-commercial thinning; CFC ¼
chloroﬂuorocarbon.

biogenic CO2 as a contributor to GWP in order to generate
the comparative analysis in Table 9, which includes
biogenic CO2 as an emission to air. These emissions are
then compared with the CO2 uptake of the harvested logs
plus forest residues that are left on site (poor quality stems,
root, and crown) for a broader evaluation of the GWP
impacts of forest harvesting.

Discussion
Compared with Johnson et al. (2005a), the current
analysis includes the following changes: chemical site
preparation and brushing, combustion of piled forest
residues, lower planting densities, fewer pre-commercial
thinning and fertilizer operations, a different mix of harvest
systems, and different yields per hectare. These changes to
input values were expected to result in changes to the LCA
output, but the magnitude and direction of the changes were
unknown given how many differences there were in the
analysis. In addition, the differences in LCIA results are not

directly comparable given that Johnson et al. (2005b)
reported only LCI results and used a different LCIA impact
methodology to arrive at an impact assessment with a
dimensionless value. Comparable results can be derived
from the Puettmann et al. (2013) LCA results, which relied
on the Johnson et al. (2005b) data to derive forest resource
LCA data for the PNW Douglas-ﬁr region.
From the CORRIM guidelines (Puettmann et al. 2014 as
updated from CORRIM 1998) it is known that the forest
resources contribution does not include hauling to the
milling facility because that process is captured in the
manufacturing LCA. Puettmann et al. (2013) lists 9.41 kg of
carbon dioxide equivalent per cubic meter (kg CO2 eq per
m3) as the forest resources contribution to the GWP for
planed dry PNW lumber. Puettmann et al. (2013) uses the
same TRACI method that was used to generate Tables 6 to
8. It takes 1.99 m3 of logs per cubic meter of planed dry
lumber according to mass allocations in Puettmann et al.
(2013). Therefore the Johnson et al. (2005a) GWP is

Figure 4.—Relative process contributions by stand management activity (per cubic meter).
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Table 7.—Per cubic meter impacts for selected impact categories: forest management, harvesting, hauling, and standard alternative
practices.

Impact category

Unita

Forest
management

Global warming potential
Acidification potential
Eutrophication potential
Smog creation potential
Ozone depletion potential
Total primary energy consumption

kg CO2 eq
kg SO2 eq
kg N eq
kg O3 eq
kg CFC-11 eq
MJ

0.570
0.006
0.001
0.080
0.000
1.233

a

Harvest
and load

Total without
pile burning

Pile burning
emissions

Pile burning
equipment use

Total with
pile burning

Hauling
average
distance

10.167
0.139
0.008
4.415
0.000
20.166

10.736
0.145
0.009
4.496
0.000
21.399

7.395
0.254
0.012
5.863
0.000
0.000

0.011
0.000
0.000
0.004
0.000
0.025

18.142
0.400
0.022
10.363
0.000
21.424

9.425
0.059
0.003
1.537
0.000
20.790

CFC ¼ chloroﬂuorocarbon.

estimated at 18.8 kg CO2 eq per m3 (1.99 3 9.41) of logs at
the landing. This value is higher than either GWP value
reported in this study for herbicide-only treatments of 10.74
and 18.14 kg CO2 eq per m3 for herbicide plus pile and burn
operations. Sonne (2006) report 8.6 Mg/ha CO2 eq for
forestry operations in the PNW region or 8.33 kg CO2 eq per
m3 based on an average yield of 700 m3/ha. Based on the
average yield of 521 m3/ha in this study, that same value
would represent approximately 16.5 kg CO2 eq per m3 of
sawlogs. These results indicate that despite all the
differences in management activities and variations on
input values between these three reports, the overall GWP
impacts are substantially similar.
For comparison with roundwood studies from further
aﬁeld, de la Fuente et al. (2017) found a GWP of 0.23 kg/
m3/yr for plantation-grown Douglas-ﬁr in Germany. The
yields predicted in that study were 80 to 110 percent more
than the average yield in the PNW, but when converted to a
50-year rotation, the GWP for German Douglas-ﬁr is 11.5
kg/m3, or slightly more than the lower bound estimate in this
study. Gonzalez-Garcia et al. (2013) found a climate change
impact of 2.35 kg CO2 eq per m3 of roundwood for Douglasﬁr grown in Germany, but the assumptions on utilization
and yield were very different from those used in this study.

For harvesting operations to produce roundwood in
Michigan, Handler et al. (2014) found a GWP of 35.7 kg
CO2 eq per dry tonne of biomass. Converting dry tonnes to
cubic meters for Douglas-ﬁr at 464 kg/m3 gives a
comparable value of 16.6 kg CO2 eq per m3, which is
higher than the value found in this study without burning
residues. It is consistent, however, with expected emission
proﬁles for areas that use partial cutting silviculture systems.
Han et al. (2014) found similar increases in GWP for areas
where thinning was used as a harvest method, relative to
those areas where clear-cut operations were conducted as
they were in this study.
In the PNW Douglas-ﬁr region, there was signiﬁcant
interest in quantifying the potential environmental impacts
of herbicide applications. For this study, data were
developed using the Ecoinvent 3.0 database for the two
most commonly used herbicides, with modiﬁcations to
upstream energy and chemical inputs to reﬂect US source
data. Emissions to produce and apply herbicides are
reported, except for emissions associated with the production of surfactants because of a lack of upstream data and
their low percent contribution to the overall system. Over a
50-year rotation, total application rates of the dominant
herbicide (glyphosate) are equal to 8.23 g/m3 of wood, with

Table 8.—Comparative per cubic meter impacts for site preparation alternatives including herbicide only, herbicide plus pile and
burn, and broadcast burn using standard TRACI impact indicators.

Unita

Indicator
Global warming potential
Acidification potential
Eutrophication potential
Smog creation potential
Ozone depletion potential

kg
kg
kg
kg
kg

Total primary energy consumption
Nonrenewable fossil
Nonrenewable nuclear
Renewable (solar, wind, hydroelectric, and geothermal)
Renewable (biomass)

MJ
MJ
MJ
MJ
MJ

Material resources consumption
Nonrenewable materials (fossil fuels)
Renewable materialsc
Fresh water
Waste (forest residues)

liters
kg
liters
kg

a
b
c

CO2 eq
SO2 eq
N eq
O3 eq
CFC-11 eq

Herbicide
treatment only

Herbicide plus
pile and burn
treatment

Broadcast burn
treatment onlyb

10.74
0.15
0.01
4.50
1.35E08

18.14
0.40
0.02
10.36
1.35E08

23.16
0.61
0.03
18.05
5.40E10

21.40
21.49
3.19E08
8.89E08
3.69E09

21.42
21.42
3.19E08
8.89E08
3.69E09

21.22
21.22
3.19E08
8.89E08
3.69E09

3.32
523.84
0.28
130.64

3.33
523.84
0.28
130.64

3.29
523.84
—
130.64

CFC ¼ chloroﬂuorocarbon
Broadcast burning is no longer a common practice; for historical reference only.
Sawlogs are created from this process; therefore, the renewable materials value is negative (464.28 kg/m3 of wood plus 59.56 kg/m3 of bark ¼ 523.84 kg/m3
of sawlog).
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Figure 5.—A comparison of cradle-to-gate impacts by process (per cubic meter).

a total of 9 g of herbicide applied per cubic meter of wood
produced. The herbicide represents less than 0.002 percent
of the total ﬂow in the production of 1 m3 of wood with a
mass of 523.8 kg (wood plus bark). Despite the small
amounts of herbicide that are used, they do represent nearly
100 percent of the ozone depletion potential and over 80
percent of the eutrophication potential (Fig. 4) of management operations. Inspection of the LCI data shows that these
impacts are largely a result of upstream processes that occur
outside the forested environment, and they are equivalent to
only 1.5 3 1008 kg chloroﬂuorocarbon (CFC-11) and less
than 0.001 kg N for eutrophication potential.
During forest management operations, the largest contributors to smog potential arise from combustion of diesel
and jet fuel (Fig. 4), but these impacts are small compared
with the overall impact from harvest operations, with
relative impacts of 0.080 versus 4.49 kg O3 per m3 of wood
produced (Table 7). Likewise, acidiﬁcation potential from

forest management operations is small (0.006 kg SO2 eq per
m3) at less than 4 percent of the impact from harvest
operations without site preparation (Table 7) and approximately 1.5 percent of the impact when pile burning is
conducted as a postharvest slash abatement activity.
Nitrogen fertilizer production is responsible for 61
percent of the fossil fuel depletion for forest management
activities (Fig. 4), but overall fossil fuel depletion from
forest management activities represents less than 6 percent
of the total fossil fuel use from cradle to gate for the
production of PNW sawlogs (Table 7).
Table 7 quantiﬁes impacts for forest management,
harvesting, and postharvest slash abatement by piling and
burning. Slash abatement, i.e., the reduction of ﬁre risk by
burning slash piles, does not occur on all sites. Thus, Table 7
can be used to represent the lower and upper bound of
average impacts to produce 1 m3 of sawlogs from cradle to
grave in the PNW region, with the ‘‘Total without pile

Table 9.—Comparative per cubic meter impacts for site preparation alternatives including herbicide only, herbicide plus pile and
burn, and broadcast burn using modified TRACI impact indicators to include biogenic emissions in global warming potential.a
Impact category

Unit

Herbicide
treatment only

Herbicide plus
pile and burn treatment

Broadcast burn
treatment onlyb

Global warming potential
Acidification potential
Eutrophication potential
Smog creation potential
Ozone depletion potential
Fossil fuel depletion

kg CO2 eq
kg SO2 eq
kg N eq
kg O3 eq
kg CFC-11 eq
MJ

10.75
0.15
0.01
4.50
1.35E08
21.40

141.31
0.40
0.02
10.36
1.35E08
21.42

315.83
0.61
0.03
18.05
5.40E10
21.22

a
b

TRACI ¼ tool for the reduction and assessment of chemical and other environmental impacts; CFC ¼ chloroﬂuorocarbon.
Historical reference only.
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burning’’ column representing the lower bound of potential
impacts and the ‘‘Total with pile burning’’ column
representing the upper bound. These impact categories use
the standard TRACI methodology, which excludes biogenic
CO2 emissions but includes biogenic methane emissions in
the calculation of GWP. If we assume that the forest estate
has a stable carbon storage capacity, we can calculate the
net GWP emissions per cubic meter of sawlogs as the
difference between the total GWP reported in Table 7 less
the amount sequestered in the sawlog. One cubic meter of
sawlogs in the PNW, including bark, is estimated to contain
960.4 kg CO2 eq. This value is derived from an average
density of 464.28 kg/m3 of wood plus 59.56 kg/m3 of bark 3
50 percent carbon content 3 44/12 as the stoichiometric
relationship between C and CO2. Thus the net GWP for the
production of a sawlogs ranges from 942.2 to 949.6 kg CO2
eq per m3 of logs loaded on the truck ready for transport to
the manufacturing facility.
Table 9 uses a modiﬁcation to the TRACI method (Bare
2011) that ensures that biogenic CO2 emissions are counted
toward GWP. This modiﬁcation only has measurable
impacts on the slash burning processes because there is
negligible biomass burning in any of the upstream
processes. As expected from using this modiﬁed method,
there is a substantial increase in the GWP for the pile and
burn and broadcast burn alternatives. Using this modiﬁed
TRACI method results in an increase of 123 to 293 kg CO2
eq per m3 in GWP over the standard TRACI method for pile
and burn and broadcast burning slash abatement scenarios,
respectively. If these emissions are included, the CO2
equivalent uptake in the tops and residues that make up that
slash are also included in the accounting framework.
Browne (1962) equations allocate 68.3 percent of the total
tree biomass to the stem, 12.1 percent to the crown, and 19.6
percent to the roots. Using these biomass allocations and an
average moisture content of 45 percent, total dry biomass
(stem, root, crown) is calculated at 497,141 kg/ha. Volume
combusted in the pile and burn operations is calculated at
38,058 kg/ha for a net residual biomass of 459,083 kg/ha
after harvest, which includes merchantable volume loaded
on the trucks plus unburned forest residues. Allocating the
net residual biomass to 521 m3/ha and converting to kg CO2
eq gives 1,615 kg CO2 eq per m3 of harvested wood
products. Adding in the total volume and accounting for the
remaining unburned residues and roots results in an increase
in the GHG sink for the harvested log to 1,474 kg CO2 eq
per m3 {1,615  (123 þ 18)] kg CO2 eq per m3}. Regardless
of method, there is a substantial net GHG sink attributable
to the production of 1 m3 of Douglas-ﬁr logs in the PNW
region. This sink is carried forward into manufacturing and
can be used to support climate mitigation efforts. These
results are useful for quantifying the GWP or carbon
footprint of logs, but assertions regarding carbon debt and/or
carbon dividend attributable to forest operations require
landscape level assessments that are outside the scope of
this article.

Data quality
The forest management systems and yield modeled as
representative for the PNW Douglas-ﬁr region represent
average conditions for industrial and large private landowner management regimes. For the 2010 data reference
year, large private and industrial owners harvested an
average of 65 percent of the total harvest volume in the
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region. That volume was removed from a landownership
base that represents 36 percent of the total forested hectares
in the PNW. Other owner groups harvested at much lower
intensities and would therefore have a different, and
probably higher, footprint per cubic meter than is reported
here. For example, Han et al. (2014) found that in
intensively managed even-aged forests in Northern California, forest management and harvesting operations use 20
percent less fuel per equal volume than those managed
under a less intensive regime. This result is expected and
reﬂects differences in operational efﬁciency that arise when
harvesting larger volumes of wood per unit area of forest in
a shorter time frame. This shift in fuel use has a direct
impact on the overall LCA result because fuel consumption
is a signiﬁcant driver in the LCIA results.
Three independent sources of hauling data (log truck
study, primary survey data, and Rogers et al. 2012) provide
close agreement on average haul distance (97.6 to 107.4 km
or 61 to 67.4 mi) for moving sawlogs from the harvest site to
the manufacturing facilities in the PNW. Two sources of
proprietary primary data for management activities were
compared for inclusiveness of activities and percent
treatment area relative to the entire area under management.
The variances in reported treatment area per year relative to
harvested area are consistent and are representative of the
average management regime identiﬁed within this article.
One of the more interesting observations is that results that
include primary survey data and an array of management
alternatives were found to be consistent with the outcomes
from the secondary (modeled) data from Johnson et al.
(2005a). They are also in close agreement with the outcomes
from Sonne (2006), which looked at a much wider array of
management alternatives for the same region.
The semi-quantitative approach to data quality recommended in the product environmental footprint guide
(Manfredi et al. 2012) and required by the North American
PCR was used to evaluate parameters relating to (1)
completeness, (2) methodological appropriateness and
consistency, (3) time representativeness, (4) technological
representativeness, (5) geographical representativeness, and
(6) parameter uncertainty. With that rating system, data are
estimated as good quality with an overall score of 2.6 based
on rankings of 1, 2, 1, 1, 1, 2 for the six parameters,
respectively.

Study limitations
One of the criticisms of prior forest resource LCA studies,
and wood LCA studies in general, is the lack of reporting on
any meaningful impact indicators related to landscape level
impacts of forest harvesting. Evaluation of landscape level
impacts of forest operations, including potential impacts to
overall forest carbon and biodiversity, are beyond the scope
of this analysis. The scope limitation arises for three
reasons: (1) there is an inherent scale mismatch that arises
when endeavoring to assign landscape level impacts to a
functional unit that also makes sense from a wood
utilization perspective; (2) the time dimension of harvest
affects the overall evaluation of the system; and (3) these
results will ultimately be used as inputs for wood
manufacturing LCA that are deﬁned on a per unit volume
basis, so assessing landscape level impacts would make the
two studies incompatible.
An analysis of the challenges of assessing biodiversity
impacts of timber harvest can be used to illustrate the scale
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mismatch issue identiﬁed in reason 1 above. Bunnell and
Houde (2010) conducted an extensive review of biodiversity
markers relevant to PNW forests, with an emphasis on
examining the relationships between downed wood and
forest dwelling vertebrates along with more general
observations about biodiversity of vascular plants and other
species (invertebrates, fungi, mosses, liverworts, and
lichens). They report two critical aspects of biodiversity
that can only be monitored and assessed at the landscape
level. First, biodiversity depends as much on what is left
behind as it does on what is taken. Bunnell and Houde
(2010) report that in order to maintain biodiversity while
conducting timber harvests it is necessary to sustain 50
percent of the naturally occurring amounts of downed wood
at the landscape level. This means that the need to maintain
speciﬁc amounts of forest residues postharvest or speciﬁc
size classes of residues does not depend on the harvest unit
but on its relationship to other harvest units in the landscape.
The complexity of the task is magniﬁed by challenges in
deﬁning the appropriate size for a landscape because that
can depend on the home range of the species in question.
Overall Bunnell and Houde (2010) conclude that biodiversity cannot be assessed at the scale of a single cubic meter, a
hectare, or even a harvest unit of 5, 10, 50, or even 200 ha
because it is measureable only at much larger scales—
typically at a ﬁfth-order hydrologic unit (HU). In the PNW,
a ﬁfth-order HU is approximately 5,200 ha or larger
(Mellen-McLean et al. 2009). Any evaluation of harvest
impacts at this level requires an integrated economic and
supply model framework that is outside the scope of
attributional LCA studies.
This scale mismatch is further ampliﬁed by the
nonlinearity of harvest impacts. Retaining biodiversity
requires non-uniform management, both at the stand and
landscape level (Bunnell and Houde 2010). It also means
that harvest impacts on biodiversity from the ﬁrst harvest in
a watershed are unlikely to be the same as those that occur
after 50 percent of the area is harvested because the
uniformity of the forested area will decrease up to a point
and then it will increase.
Owing to the lack of a robust methodology to correctly
assess harvest impacts on biodiversity and the lack of an
impact category within TRACI to assess land use change
factors that must be assessed at a landscape scale, such as
biodiversity, it has not been assessed within this study.
Temporal aspects of the LCA also create challenges.
Unlike carbon accounting analysis for agricultural crops,
assessments of the carbon consequences of managing an
average or representative forested hectare or yield with and
without considering time are not analogous. Management on
an average stand for a 50-year rotation can be used to
represent the carbon impacts of forest operations per cubic
meter of output if time dynamics are excluded as they are in
this study. Because it takes 50 years to produce a
harvestable stand with an average yield of 521 m3/ha, the
actual representative hectare in the wood basket from which
the wood is removed in any given year is a conglomerate of
50 average stands capable of producing this average
volume. Each of those stands is on a different year of their
trajectory toward maturity. That representative hectare
would include stands of ages 1 through 50 years. Data as
presented herein are based on a cubic meter as functional
unit. Were they to be scaled to a landscape level, they would
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ﬁrst have to be converted to a per hectare basis and then
allocated across the timescale.
Rather than relying on counterfactual assertions that
begin after harvest but before site preparation and planting
in order to assess the carbon consequences of harvest
alternatives, it is relevant to examine what is occurring in
the wood basket as a whole. In other words, whether the
area and volume of forest is increasing, decreasing, or stable
at the landscape level determines the ultimate carbon
consequences of forest management activities. Figure 1
shows that harvest levels from private lands in Oregon have
been essentially stable over the past 55 years, which is
longer than a full rotation. This stable yield could arise from
harvesting an equal volume per hectare per year, more area
with less volume per hectare per year, or more volume over
fewer hectares per year.
The conditions are less clear in Washington. Harvest
levels from industrial and large private lands in Washington
have declined over that 55-year period, most precipitously
since the implementation of substantial regulatory changes
in the late 1990s. The regulatory set-asides reduced the
harvestable forestland base by 13.3 percent of the privately
owned acres in western Washington (Perez-Garcia et al.
2012). Without extensive analysis, it is unclear if these
regulatory changes are correlated with changes in overall
harvest level or long-term carbon stability in the region. In
short, without a full-scale timber supply analysis, there is no
real way to discern whether overall carbon stocks are
increasing or decreasing on a per hectare basis in either state
that is part of the PNW region. What is known from broadscale evaluations of forestland as represented in the US
GHG inventories (EPA 2017) is that there has been
approximately a 9.6 percent increase in forest-related carbon
stocks from 1990 to 2016 with 8.5 percent of that increase
found in the forest itself (EPA 2017, table 6-12). These
increases in overall carbon stocks suggest that at an
aggregated level, forest management activities are currently
not depleting forest carbon stocks. A more geographically
speciﬁc (but older) analysis for the PNW region indicates
that forestland in the PNW coastal region continues to
increase in total volume (Oswalt et al. 2014, US Forest
Service 2016) though the contributions of private land to
that increase are not disaggregated in that analysis.

Conclusions
This analysis expands and updates the PNW forest
resources life-cycle inventory that was published by
Johnson et al. (2005a, 2005b). The analysis includes
elements that were not previously considered, including
herbicide applications and ﬁre hazard abatement. A
comparison of the two data sets suggests that current
management is perhaps a little more efﬁcient than estimated
by Johnson et al. (2005a), as reﬂected in its lower scores for
GWP, smog, and eutrophication. Other impact factors were
not comparable because the reference units have changed.
Overall, these changes do not substantially alter the general
idea that wood growth and harvest is a low carbon activity
with many downstream beneﬁts. The analysis has provided
a signiﬁcant update on common forest management
activities as well as providing improvements in data
completeness and quality that reﬂect a greater willingness
among forest resource managers to share data in an effort to
understand their environmental footprint and work to
improve it.
ONEIL AND PUETTMANN

While all LCA results are of interest for use in
downstream applications, the carbon footprint of wood
production is of signiﬁcant interest because of the
opportunity to use forests, wood products, and biofuels to
address the challenges of climate change brought on by
increasing CO2 concentrations in the atmosphere. The LCIA
indicates that under average management conditions, forest
operations can expect to generate from 10.7 to 18.1 kg CO2
eq per m3 of log ready to leave the landing for the
manufacturing facility, depending on the amount of forest
residues that are piled and burned. This same cubic meter of
log plus bark will have sequestered 960.4 kg CO2 during its
growth cycle. For every hectare of land managed for
ongoing timber production in the PNW consistent with the
management regime identiﬁed herein, there is 53 to 89 times
more CO2 eq sequestered than is emitted in the forest
management and harvesting operations phase of production.
Identifying economic and policy drivers that can support
continued forest management that produces these positive
environmental beneﬁts would be a substantial contribution
to the challenges of global climate change.
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Abstract
A cradle-to-gate life-cycle inventory was done for 2 by 4 to 2 by 12 dimension lumber produced from logs in the Paciﬁc
Northwest (PNW) and Southeast (SE) regions of the United States. Seven mills in the PNW and 11 mills in the SE provided
data for 2012 lumber and coproduct production, raw material and fuel use, electricity consumption, and on-site emissions.
The mills represented 17 and 11 percent of the production volumes in the regions, respectively. Five processes existed within
the mill, log yard, sawing, drying, planing, and energy generation. Data for the ﬁrst four processes came exclusively from the
survey. The functional unit was 1 m3 of planed dry wood. Data for energy generation were based on a nationwide wood boiler
survey that included PNW lumber mills. The cradle-to-gate processing energy in the PNW region was 3,434 MJ/m3 of
planed, dry lumber, 96 percent of which is owing to log transport and wood processing. The value was higher, 5,151 MJ/m3,
for the SE region in part owing to a higher initial wood moisture content. In each region, more than 70 percent of the energy
is from bio-based residuals with less than 30 percent from fossil sources. The global warming impact indicator is 58.7 kg CO2
eq per m3 in the PNW and 81.4 kg CO2 eq per m3 in the SE, of which 85 percent is a result of log transport and processing.
Planed, dry lumber from the PNW region stores 856 kg CO2 eq per m3 compared with 935 kg CO2 eq per m3 for lumber from
the SE region. The coproducts, emissions, and material and energy inputs are further discussed in this article.

T

he environmental consequences of extracting raw
materials and producing a product, such as lumber, are carried
forward into the life cycle of products, such as wooden
structures. These consequences arise not only from wood
growth and harvesting but also from electricity and fuel
consumption, the use of ancillary materials such as lubricants
and packaging, emissions to air and water, and disposal of waste
and ash. The scope of the present work was to determine the
energy and material inputs and outputs for producing dimension
lumber in the Paciﬁc Northwest (PNW) and Southeast (SE)
regions of the United States through a cradle-to-gate life-cycle
inventory (LCI) on the manufacturing process. The data were

obtained using guidelines established by the Consortium for
Research on Renewable Industrial Materials (CORRIM)
(Puettmann et al. 2014) based on ISO 14044 (International
Organization for Standardization 2006). The environmental
impacts, global warming, ozone depletion, acidiﬁcation, smog,
and eutrophication are discussed. CORRIM performed a gateto-gate study with a similar goal and scope for lumber produced
during the 1999 calendar year (Milota et al. 2005) that was later
updated to a cradle-to-gate analysis (Puettmann et al. 2013).
Planed dried dimension lumber is important for structural
framing in North America. This includes softwood lumber
that is 38 mm in thickness and 89 to 286 mm in width,
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usually referred to as 2 by 4 to 2 by 12 lumber. In 2012, the
survey year, about 40 percent was used for repair and
remodeling and 39 percent for construction, both residential
and nonresidential (Western Wood Products Association
[WWPA] 2013). The functional unit for this study is 1 m3 of
planed, surfaced dry framing lumber produced in either the
PNW or the SE region of the United States.
The PNW and SE regions accounted for 93 percent of the
45 million m3 of US softwood lumber production in 2012.
More than 95 percent of the PNW regional production is
Douglas-ﬁr (Pseudotsuga menziesii) and hem-ﬁr. Hem-ﬁr is
a mix of western hemlock (Tsuga heterophylla) and true ﬁr
(Abies spp.) species. The PNW region includes areas of
Oregon and Washington west of the Cascade Divide. The
SE region produces southern pine (Pinus spp.) lumber and
includes the states of (in order of decreasing 2012
production) Georgia, Arkansas, Alabama, Mississippi,
North Carolina, South Carolina, Florida, Texas, Louisiana,
Virginia, and Oklahoma. Within both regions, there is a
range of mill sizes with much of the production volume
coming from larger mills. In the SE region, for example, 60
percent of the mills produce 72 percent of the lumber, and 9
percent of the mills produce 14 percent of the lumber.
Larger mills tend to produce dimension lumber, while
smaller mills tend to make beams or appearance grades.

Methods
Seven (of eight contacted) mills in the PNW region and
11 (of 13 contacted) in the SE region were surveyed to
determine their material use and energy consumption for the
2012 calendar year. This was much more extensive than the
four mills surveyed in each region in 1999 and represented
enough production to satisfy LCI requirements. Mills were
selected so that they represented the range of mill sizes that
produce dimension lumber in the regions.
Lumber manufacturing was divided into four unit
processes: log yard, sawing, drying, and planing (Fig. 1).
Together, these represent the system boundary, and

materials and energy that enter or leave these processes
cross the system boundary. Separation into processes is
necessary because some coproducts (such as green chips or
logs sold off-site) do not go through all processes and
embody different environmental loads. The boiler unit
process, which provides steam for drying at many facilities,
was surveyed separately (Puettmann and Milota 2017). In
addition to the wood inputs and outputs shown in Figure 1,
there are other inputs to each process, such as fuels,
electricity, and materials, or outputs, such as emissions.
Other products may cross the system boundary in minor
amounts. For example, rough green lumber might be sold
off-site.
The log yard process receives logs with the attached bark
and provides surge capacity so that the mill can operate if
the delivery of logs is interrupted. This process includes
transport of logs to the mill, unloading logs, grading, storing
logs, and moving them to the merchandiser or debarker at
the sawmill. The inputs to the log yard are logs on a truck at
the harvest site and fuels, mostly diesel, used in the
machinery to move logs within the process. The output from
the log yard is logs with the attached bark, either at the
sawmill or sold off-site.
The sawing process includes all debarking, sawing, and
chipping required to convert logs with bark to rough green
lumber and coproducts. The coproducts include chips,
sawdust, bark, and hog fuel. The process starts with debarking,
after which the logs are opened on a head rig. The head rig
creates lumber, ﬂitches, and cants. The ﬂitches and cants pass
through resaws and edgers and are cut into lumber that is then
sorted and stacked. The bark and sawdust are either sold or
used as fuel. The slabs and edgings that are not large enough to
saw into lumber are chipped and sold to pulp mills.
The drying process includes the kilns that receive rough
green lumber from the sawing process. It is stacked on carts
with wood spacers (stickers) that allow air to ﬂow between
the layers in the dryer. The kilns are a batch process in the
PNW and a combination of batch and continuous processes

Figure 1.—Diagram of relationship between unit processes (rectangles) used to create planed dry lumber from logs. Residual
products may be used at the boiler or sold off-site. Dashed lines show fuels for direct-fired kilns in the Southeast region.
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in the SE. The wood is dried for 16 to 60 hours. The thermal
energy is supplied by steam or the direct combustion of
woody biomass. The rough dry lumber is then moved to a
dry shed or planer in-feed.
The planing process produces planed dry lumber from
rough dry lumber. Planed lumber is a uniform size and has a
smooth surface. The process includes unstacking, planing,
grading, end trimming, sorting, and packaging. Occasionally, some lengthwise sawing is done. The process also
includes unitizing, moving the packages, and loading onto
conveyance for shipment. The coproducts include chips,
sawdust, planer shavings, and wood ﬂour.
The values reported by each mill were for consumption
and production during the 2012 calendar year. These were
divided by the respective mill’s 2012 production to obtain a
production-based value: per cubic meter of log for the log
yard, per cubic meter of rough green lumber for the sawmill,
per cubic meter of rough dry lumber for drying, and per cubic
meter of planed dry lumber for planing. These values from
each mill were then compared to identify values for inputs or
production that were outliers. Suspect values were resurveyed
to verify accuracy. The production-based values for each mill
were combined into a weighted average for each input and
output (Tables 1 through 4). Weighting was based on the
mills’ 2012 production so that the values from mills with
greater production received greater weight. If a value was not
reported in a survey, plant personnel were contacted to
determine whether it was unknown or zero. Zero values were
averaged with the other data. Missing or unknown data were
not included in the average, which was based on reduced
lumber volume. These input and output values represent an
average per cubic meter of lumber for the regional
production. Only averaged values are reported to maintain
the conﬁdentiality of the survey participants. The previously
reported (Johnson et al. 2005) life-cycle contributions of
forest operations were used to extend the data to a cradle-togate analysis. Steam production from wood boilers was
surveyed separately (Puettmann and Milota 2017).
Allocation was on the basis of bone dry mass. Lumber,
reported in cubic meters, was converted to mass for
allocation purposes using the speciﬁc gravity (SG) (Miles
and Smith 2009) appropriate for the species mix and
moisture content. Allocation causes, for example, some of
the burdens from forest operations, the log yard, and sawing
to be assigned to chips and other sawing coproducts instead
of lumber.
The US Life-Cycle Inventory database was used to assess
off-site impacts associated with the nonwood materials,
fuels, and electricity. SimaPro 8.04 (Pré Consultants 2015)
was used as the accounting program to track all of the
materials. Environmental impacts were determined using
the TRACI method (Bare 2011). The ﬁve impact categories
presented, global warming potential (GWP), ozone depletion, acidiﬁcation, smog, and eutrophication, are consistent
with the requirement of the product category rules for wood
products (FPInnovations 2013).

Results
The mills surveyed produced mainly dimension lumber
and studs, 38 mm in thickness and from 89 to 286 mm in
width (sold as nominal 2 by 4 to 2 by 12 lumber) after
planing. Annual production for the mills surveyed averaged
170 million board feet (MMBF) in the PNW and 140
MMBF in the SE. The PNW survey included 1.97 million
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m3 (1.21 billion board feet [BBF]), or about 17 percent of
the regional production of dimension lumber for 2012. The
SE survey included 2.44 million m3 (1.53 BBF), or about 11
percent of the 2012 regional production.
The primary survey data for the PNW region included
94.2 percent dry and 5.8 percent green lumber. In 2012, 39
percent of the region’s production was dried because
Douglas-ﬁr is often sold green. The survey was sent,
however, to mills that produce mainly dry lumber, so this
difference was expected. All the lumber in the SE was dry.
In the PNW region, 44.3 percent of the planed lumber in
the survey was hem-ﬁr, and 55.7 percent was Douglas-ﬁr.
Industry-wide production data (WWPA 2013) indicate that
41 percent of the dry dimension lumber in the region was
hem-ﬁr and 59 percent Douglas-ﬁr. Thus, the survey results
mimic the industry. The energy reported based on the survey
may be slightly higher than actual because more water is
removed from hem-ﬁr during drying than from Douglas-ﬁr.
All the production in the SE region survey was southern
pine.
The sawmills surveyed were of average technology. Most
reported upgrades in the past 5 years. These were in the log
yard, sawmill, and boiler. Half the mills in the PNW and
two-thirds in the SE had at least one new kiln in the past 5
years with several continuous kilns included in the survey.
Three-fourths of the mills had planer upgrades in the past 2
years, often automated grading equipment and/or multiclones and a baghouse.
There was no pollution control equipment in the log yard.
The process of the sawing of green lumber had no pollution
control except a baghouse on certain equipment in most
cases. There were no emissions control devices on the dry
kilns. Boilers and burners most commonly had an
electrostatic precipitator (wet or dry) often followed by a
baghouse. Emissions control at the planing process
consisted of baghouses.
The wood inputs and outputs as well as the major
ancillary materials will be presented for each process, log
yard, sawing, drying, and planing. In some cases, a mill
could report an amount only on a facility-wide basis, and a
method was selected for dividing it among the processes.
For example, a mill-wide value for lubricating oil in rolling
stock was divided among the four processes in proportion to
diesel use.

On-site process inputs and outputs
Log yard.—The logs arriving at the PNW mills were 54.2
percent hem-ﬁr and 47.6 percent Douglas-ﬁr with a
weighted average basic SG of 0.434 (Miles and Smith
2009) and moisture content of 82.8 percent (weighted
average from surveys). The logs arriving at the SE mills
were all southern pine with an average SG of 0.470 (Miles
and Smith 2009). The reported moisture contents varied
from 66 to 122 percent with 100 percent being the mode.
The average log diameter and length were 26.2 cm and 10.3
m in the PNW and 15.6 cm and 5.0 m in the SE.
Logs in the PNW were reported in Westside Scribner
except one mill that reported in cubic feet. A conversion
factor of 139.5 BF Scribner log scale per m3 of log (3.95
BF/ft3) was derived from Mann and Lysons (1972). Mills in
the SE region reported logs by mass, and an SG of 0.47 and
moisture content of 100 percent were used to convert mass
to m3 of wood after subtracting the bark mass. Bark mass for
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Table 1.—On-site inputs and outputs to provide 1 m3 of logs to sawmills from forest operations.a
PNW

SE

1.00 (99.4%)
0.00590 (0.6%)

1.00 (96.1%)
0.0402 (3.9%)

Units, per m3

Products
Roundwood sawlogs (PNW or SE)
Roundwood sold off-site

m3
m3

Resources
Water, process, surface
Water, process, well
Materials/fuels
Softwood logs with bark, harvested at average-intensity site (PNW or SE)
Transport, combination truck, diesel powered
Diesel, loaders and haulers
Gasoline, loaders and haulers
Propane, loaders and haulersb
Organics (lubricants, etc.)c
Solvents for cleaningc
Antifreeze 50% solution, loaders and haulers
Landfill, organics tod
Landfill, inorganics tod
Recycled,e

2.24
2.02
1.0059
98.9
0.400
0.00436
0.00538
0.00942
0.0000019
0.000364
0.00164
0.00271
0.000235

8.50
16.2

kg
kg

1.040
97.4
0.140
0.00370
0.000789
0.0305
0.0000376
0.000154
—
0.000492
—

m3
tkm
liters
liters
liters
liters
kg
liters
kg
kg
kg

Electricity/heat
Electricity, at grid (WECC [2008] or SERC [2008])
Electricity from turbine/wood boiler

1.63
0.450

2.80
—

kWh

0.00599
0.00550
0.00230
0.0000687

0.00879
0.00842
0.000894
0.015

kg
kg
kg
kg

0.000670
0.00360
0.0000350

—
—
—

kg
kg
kg

Emissions to air
Wood (dust)
Particulates, .10 lm
Particulates, ,2.5 lm
VOCs
Emissions to water
Suspended solids, unspecified
BOD5
Oils, unspecified
a

Allocations are shown in parentheses. PNW ¼ Paciﬁc Northwest; SE ¼ Southeast; WECC ¼ Western Electricity Coordinating Council; SERC ¼ Southeast
Electric Reliability Council; VOC ¼ volatile organic compound; BOD ¼ biological oxygen demand.
b
Liquid petroleum gas, combusted in industrial boiler, was used as a surrogate.
c
Gasoline at reﬁnery was used as a surrogate.
d
Denotes process with no off-site impacts.
e
Includes metals, oil, antifreeze, bulbs, and batteries.

each region was estimated to be the bark plus half the hog
fuel recovered in the sawing process.
Each cubic meter of wood leaving the log yard had a bone
dry mass of 434 kg in the PNW region and 470 kg in the SE
region. The bark on 1 m3 of wood was calculated from the
sawmill process: 116.8 kg in the PNW region and 26.7 kg in
the SE region. The total mass (including moisture) of 1 m3
of wood and its attached bark was 910.5 and 993.2 kg in the
PNW and SE, respectively.
For each cubic meter of wood in log form entering the
sawmill, 0.0059 m3 of logs in the PNW and 0.0402 m3 of
logs in the SE were sold off-site because they were the
wrong size or grade for the sawmill to process (Table 1).
Thus, 915.9 and 1033.1 kg entered the log yard in the PNW
and SE, respectively. The transportation distance from the
harvest site (landing) to the log yard was 108 km in the
PNW and 94 km in the SE for transportation efforts of 98.9
and 97.4 tkm/m3, respectively. These changed little from
the 113 and 92 km, respectively, in the 1999 survey. The
logs that were sold off-site received a proportion of the
allocation (Table 1).
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In the PNW region, 2.2 kg/m3 of process water was used
in the log yard compared with 27.7 kg/m3 in the SE region,
probably because of differences in sprinkling practices.
Diesel consumption was 0.40 liter/m3 in the PNW region
and 0.14 liter/m3 in the SE region; however, electricity use
in the SE region, 2.8 kW/h/m3, was greater than in the
PNW region, 2.1 kW/h/m3, reﬂecting more use of cranes. It
is difﬁcult to make comparisons between the log yard
process presented here and the 1999 survey because the log
yard and sawmill processes were combined in the previous
work.
Sawing.—The reported inputs and outputs associated with
the production of 1 m3 of rough green lumber are shown in
Table 2. The mills reported production in board feet lumber
scale. This was converted to cubic meters using the actual
rough green lumber dimensions (target size) reported by all
mills. Target thickness averaged 41.9 mm in the PNW
region and 43.4 mm in the SE region, very similar to 41.3
and 43.1 mm in the 1999 survey. The inputs and outputs
balance by mass to within 2.9 and 0.4 percent in the PNW
and SE regions, respectively.
MILOTA AND PUETTMANN

Table 2.—On-site inputs and outputs to produce 1 m3 of rough green lumber from logs from log yard.a
PNW

SE

1.00 (50.1%)
212 (24.4%)
48.8 (5.6%)
119 (13.8%)
52.4 (6.1%)

1.00 (52.2%)
276 (30.7%)
87.8 (9.7%)
43.5 (4.8%)
23.6 (2.6%)

Units, per m3

Products
Sawn lumber, softwood, green, rough, at sawmill
Chips, softwood, green, at sawmill
Sawdust, softwood, green, at sawmill
Hogfuel, softwood, green, at sawmill
Bark, softwood, green, at sawmill

m3
kg
kg
kg
kg

Resources
Water, process, surface
Water, process, well

37.9
12.2

39.0
41.0

kg
kg

Materials/fuels
Roundwood sawlogs (PNW or SE)
Peeler core, softwood, plywood mill, SE
Diesel, loaders and haulers
Gasoline, loaders and haulers
Propane, loaders and haulersb
Organics (lubricants, etc.)c
Antifreeze 50% solution, loaders and haulers
Solvents for cleaningc
Babbitt alloyd
Antistain for fungal growthd
Marking inkd
Softwood lumber, planed, dry (PNW or SE, runners)
Hot rolled sheet, steel, at plant (strapping)
Recycled postconsumer PET flake (plastic trapping)
Landfill, organics tod
Landfill, inorganics tod
Recycled,e

1.68
—
0.230
0.0110
0.0220
0.180
0.000394
0.0000740
0.000200
0.000103
0.00557
0.0380
0.00736
0.00159
0.00224
0.0360
0.00161

1.70
0.130
0.210
0.0180
0.00210
0.151
0.000233
0.0000230
—
—
—
—
—
0.0000450
0.00459
—
—

m3
m3
liters
liters
liters
liters
liters
kg
kg
kg
kg
m3
kg
kg
kg
kg
kg

Electricity/heat
Electricity, at grid (WECC [2008] or SERC [2008])
Electricity from a turbine/wood boiler

19.8
6.06

28.6
—

kW/h
kW/h

Emissions to air
Wood (dust)
Particulates, .10 lm
Particulates, ,2.5 lm
VOCs
Methanol
Formaldehyde
Acetaldehyde
l-Propanol
Acrolein
Phenol

0.00403
0.00617
0.00179
0.000115
—
—
—
—
—
—

0.00575
0.0200
0.00908
0.0230
0.000287
0.0000288
0.00000708
0.00000153
0.00000921
0.000000136

kg
kg
kg
kg
kg
kg
kg
kg
kg
kg

—
—

0.000244
0.000614

kg
kg

Emissions to water
Suspended solids, unspecified
BOD5
a

Allocations are shown in parentheses. PNW ¼ Paciﬁc Northwest; SE ¼ Southeast; WECC ¼ Western Electricity Coordinating Council; SERC ¼ Southeast
Electric Reliability Council; VOC ¼ volatile organic compound; BOD ¼ biological oxygen demand.
b
Liquid petroleum gas, combusted in industrial boiler, was used as a surrogate.
c
Gasoline at reﬁnery was used as a surrogate.
d
Denotes process with no off-site impacts.
e
Includes metals, oil, antifreeze, bulbs, and batteries.

The allocation to rough green lumber is lower compared
with the 1999 survey, 50.1 versus 56.9 percent in the PNW
region, and higher in the SE region, 52.2 versus 48.9
percent. The allocation to chips in each region was 1 to 2
percent lower than in the 1999 survey. The allocation to
other coproducts is highly variable because, e.g., one mill
might include sawdust or bark with hog fuel and another
mill might list these separately. In the current survey, 1.68
and 1.83 m3/m3 of logs (see Table 2, roundwood sawlogs
FOREST PRODUCTS JOURNAL
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and peeler cores) were used compared with 1.59 and 1.99
m3/m3 in the 1999 survey in the PNW and the SE regions,
respectively. The cubic recovery ratios were 0.60 and 0.55
in the PNW and SE regions, respectively.
The sawing process in the PNW region used 50.1 kg/m3
of process water compared with 80.0 kg/m3 in the SE region
(Table 2). If the log yard and sawmill are combined
adjusting for log use, these become 57.8 and 122.0 kg/m3,
respectively. This is much less than reported in the 1999
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Table 3.—On-site inputs and outputs to produce 1 m3 of rough dry lumber from rough green lumber from sawmill.a
PNW

Units, per m3

SE

Products
Sawn lumber, softwood, rough, dry, at kiln

1.00

m3

1.00

Resources
Water, process, surface
Water, process, well

3.20
7.60

19.1
19.8

kg
kg

Materials/fuels
Softwood lumber from sawmill (PNW or SE)
Diesel, loaders and haulers
Gasoline, loaders and haulers
Propane, loaders and haulersb
Organics (lubricants, etc.)c
Antifreeze 50% solution, loaders and haulers
Solvents for cleaningc
Softwood lumber, planed, dry (PNW or SE, stickers)
Landfill, organics tod
Landfill, inorganics tod,f
Recycle, metalsd,e

1.00
0.140
0.00946
0.00188
0.00789
0.000262
0.0000054
0.000468
0.0034
0.0000163

1.00
0.210
0.00773
0.000928
0.0243
0.000224
0.0000280
0.000240
0.00418
0.570

m3
liters
liters
liters
liters
liters
kg
m3
kg
kg
kg

Electricity/heat
Electricity, at grid (WECC [2008] or SERC [2008])
Electricity from turbine/wood boiler
Wood combusted, at boiler
Natural gas, combusted in industrial boiler
Shavings, softwood, kiln dried, at planer, SE
Sawdust, softwood, green, at sawmill, SE
Sawdust, softwood, green, at sawmill, SEf
Transport, combination truck, diesel powered/United States
Liquid petroleum gas, combusted in industrial boiler

8.90
2.60
106.9
2.60
—
—
—
—
—

8.50
—
99.7
—
2.50
56.1
0.150
0.0300
0.0110

kW/h
kW/h
kg
m3
kg
kg
kg
t/km
Liters

0.0180
0.0460
0.0290
0.700
0.0380
0.00724
0.00612
0.000156
0.000894
0.000924
0.0000130
0.0000887
0.000000194
0.00000693
0.00000260
0.00000218
3.84 3 1013
0.0000278
0.0110
0.0270
33.0
0.0550
8.66 3 1014
2.50 3 108
0.0000160

kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg

0.00464
0.00000618

kg
kg

Emissions to air
Wood (dust)
Particulates, .10 lm
Particulates, ,2.5 lm
VOCs
Methanol
Formaldehyde
Acetaldehyde
l-Propanol
Acrolein
Phenol
Benzene
Manganese
Mercury
Carbon disulfide
Lead
Trichloroethane
Dioxins, unspecified
Hydrogen chloride
Sulfur dioxide
Nitrogen oxides
Carbon dioxide, biogenic
Carbon monoxide, biogenic
Benzo[g,h,i]perylene
Barium
Hexane

—
0.00472
0.00149
0.106
0.0150
0.000313
0.0200
0.000146
0.000818
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

Emissions to water
Suspended solids, unspecified
BOD5

—
—

a

Allocation is 100% to rough dry lumber. PNW ¼ Paciﬁc Northwest; SE ¼ Southeast; WECC ¼ Western Electricity Coordinating Council; SERC ¼
Southeast Electric Reliability Council; VOC ¼ volatile organic compound; BOD ¼ biological oxygen demand.
b
Liquid petroleum gas, combusted in industrial boiler, was used as a surrogate.
c
Gasoline at reﬁnery was used as a surrogate.
d
Input that has no off-site impacts.
e
Ash in SE.
f
Transported from off-site, 94.7 km.
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Table 4.—On-site inputs and outputs to produce 1 m3 of planed dry lumber from rough dry lumber.a
Units, per m3

PNW

SE

1.00 (88.7%)
51.0 (9.7%)
1.96 (0.4%)
6.60 (1.3%)
—

1.00 (90.1%)
54.0 (9.5%)
—
1.20 (0.2%)
0.590 (0.1%)

m3
kg
kg
kg
kg

21.2
7.90

kg
kg

Products
Planed lumber, softwood, dry, packaged, at planer
Shavings, kiln dried, at planer
Sawdust, softwood, kiln dried, at planer
Chips, softwood, kiln dried, at planer
Flour, softwood, kiln dried, at planer
Resources
Water, process, surface
Water, process, well

5.20
1.80

Materials/fuels
Softwood lumber from dryer (PNW or SE)
Diesel, loaders and haulers
Gasoline, loaders and haulers
Propane, loaders and haulersb
Organics (lubricants, etc.)c
Antifreeze 50% solution, loaders and haulers
Solvents for cleaningc
Paint, end coatd
Marking inkd
Packaging—wrapping material
Softwood lumber, planed, dry (PNW or SE, runners)
Softwood lumber, planer, dry (PNW or SE, lath)
Recycled postconsumer PET flakee
Cardboard—AWC
Antistain for fungal growthd
Landfill, organics tod
Landfill, inorganics tod
Recyclef

1.14
0.440
0.00746
0.00660
0.0684
0.000869
0.0000278
0.000580
0.000697
0.380
0.00298
0.000255
0.140
0.00265
0.00250
0.003129
0.0330
0.00275

1.21
0.350
0.210
0.0450
0.141
0.000531
0.0000984
0.00371
0.0700
0.00170
0.0000600
0.0570
0.00803
0.00113
0.00403
0.00231

m3
liters
liters
liters
liters
liters
kg
kg
kg
kg
m3
m3
kg
kg
kg
kg
kg
kg

Electricity/heat
Electricity, at grid (WECC [2008] or SERC [2008])
Electricity from a turbine/wood boiler

9.80
4.50

22.0

kW/h
kW/h

Emissions to air
Wood (dust)
Particulates, .10 lm
Particulates, ,2.5 lm
VOCs
HAPs, unspecified
Methanol
Formaldehyde
Acetaldehyde
l-Propanol
Acrolein
Phenol

0.000774
0.00673
0.00120
0.00347
0.000227
—
—
—
—
—
—

0.00674
0.0210
0.00705
0.0190
—
0.000356
0.0000357
0.00000876
0.00000190
0.0000114
0.000000168

kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg

—
—

0.000302
0.000760

kg
kg

Emissions to water
Suspended solids, unspecified
BOD5
a

Rough dry lumber volume is based on dimensions when green. PNW ¼ Paciﬁc Northwest; SE ¼ Southeast; WECC ¼ Western Electricity Coordinating
Council; SERC ¼ Southeast Electric Reliability Council; VOC ¼ volatile organic compound; HAP ¼ hazardous air pollutant; BOD ¼ biological oxygen
demand.
b
Liquid petroleum gas, combusted in industrial boiler, was used as a surrogate.
c
Gasoline at reﬁnery was used as a surrogate.
d
Input that has no off-site impacts, input as dummy process.
e
Surrogate for plastic strapping.
f
Includes plastic strapping, metals, antifreeze, bulbs, and batteries.

study, 143.9 and 304.3 kg/m3. Diesel use averaged 0.22
liter/m3, mainly for rolling stock to move material from the
sawmill to the kiln. Sometimes an intermediate holding area
was used so that the packages of rough green lumber could
be more optimally loaded into the kiln.
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The sawmill was the greatest consumer of electricity
among the four processes, 26.4 kWh/m3 in the PNW region
and 28.6 kWh/m3 in the SE region. For the log yard and
sawing processes combined, again adjusting for log use,
these values are 29.9 and 33.4 kWh/m3, respectively. These
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compare with 45.3 and 34.4 kWh/m3 in the 1999 survey,
suggesting that the value for the PNW region erred on the
high side in 1999. Diesel use for the log yard and sawmill
(adjusted for log use) was reduced from the 1999 survey
(0.98 and 0.83 liter/m3) to 0.90 and 0.52 liter/m3 in the
PNW and SE regions, respectively. This could reﬂect
mechanical efﬁciency improvements or improved efﬁciencies in material handling. Other inputs included dunnage
and chemicals necessary for lumber production.
Dry kilns.—The woody inputs are equal to the outputs at
the kiln because there are no coproducts. Any mass
calculations for rough dry lumber were performed using a
green volume and the corresponding basic SG because bone
dry mass does not change during drying.
The wood enters the kiln at a moisture content of
approximately 65 to 70 percent for Douglas-ﬁr and 100
percent for hemlock and southern pine. To meet the grade
speciﬁcation of 19 percent or less, the average moisture
content ranges from 14 to 16 percent when dry owing to the
piece-to-piece moisture content variability. A weighted
average of 314.8 kg/m3 water is removed in the PNW region
and 399.5 kg/m3 in the SE region. Thus, more energy is
required in the SE.
Steam heat exchangers (heating coils) provided thermal
energy to kilns in the PNW region and to about half the kilns
in the SE region. The balance of the kilns in the SE region
were direct ﬁred, meaning that wood fuel is burned at the
kiln and the combustion gases are admitted to the drying
chamber. Several continuous kilns were reported in the SE
region, whereas none were installed in the PNW region at
the time of the survey. Steam use required 106.9
kgWoodyFuel/m3 (548.2 kgsteam/m3) and 2.6 m3NaturalGas/m3
(41.0 kgsteam/m3) at the boilers in the PNW and 99.7
kgWoodyFuel/m3 (511 kgsteam/m3) in the SE (no natural gas
boilers in the SE survey). Kiln drying in the SE also required
58.7 kg/m3 of wood fuel combusted at direct-ﬁred kilns.
Some of the fuel came from off-site and carried the same
embodied impacts as the coproducts at surveyed mills plus
0.030 t/km/m3 of transportation effort. A small amount of
liquid petroleum gas was used in the burners, presumably
for start-up.
The thermal efﬁciency is the energy required divided by
the energy consumed. In the PNW region, the consumption
is 589.2 kg of steam to remove 314.8 kg of water, and the
efﬁciency is
55% ¼ 100 3

314:8 kgwater 3 2:26 kgMJ

water

589:2 kgsteam 3 2:16 kgMJ

ð1Þ

steam

The kilns in the SE region are heated by a combination of
steam and direct wood combustion, yielding 20.93 MJ/
kgwood. The efﬁciency in the SE then becomes
41% ¼ 100 3

LCI results for planed dry lumber

399:5 kgwater 3 2:26 kgMJ

water

511 kgsteam 3 2:16 kgMJ þ 58:65 kgwood
steam

3 20:93 kgMJ 3 0:9burnereff
wood

ð2Þ
The difference is partly because losses owing to the water
in the green wood combustion are assigned to the boiler in
the PNW region, whereas green wood is used as a fuel at the
kiln in the SE region. The impacts of producing steam from
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woody fuels were obtained from the CORRIM boiler
process (Puettmann and Milota 2017) and for natural gas
and liquid petroleum gas from SimaPro library processes.
Dry kilns use water (Table 3) for a wet-bulb thermometer.
Mills reported a weighted average water use of 10.8 kg/m3
in the PNW region and 38.9 kg/m3 in the SE region, each of
which is higher than would be used only by the wet bulb.
The authors of this article predict wet-bulb water use to be 2
to 4 kg/m3, which is also in closer agreement with the 1999
survey results, and it is uncertain why the reported values
are this high. Diesel use was 0.14 liter/m3 in the PNW and
0.21 liter/m3 in the SE. This is for forklifts and modiﬁed
front-end loaders used for moving lumber into the kiln, out
of the kiln, and to the planer.
Electricity use at kilns was 11.5 and 8.5 kWh/m3 for the
PNW and the SE regions, respectively. The difference may
be due to shorter drying times in the SE region. The values
are considerably less than reported in the 1999 survey
(14.5 and 19.1 kWh/m3). This could be due to more
efﬁcient kiln motors and variable-frequency drives being
used more commonly to reduce airﬂow in the later stages
of drying.
Planer.—The planed lumber produced in the PNW region
was reported as 49.9 percent dry Douglas-ﬁr (SG ¼ 0.48),
44.3 percent dry hem-ﬁr (SG ¼ 0.45), and 5.8 percent green
Douglas-ﬁr (SG ¼ 0.45). The nonwood inputs and outputs
were not separable between planing green and dry lumber
but should be similar. The wood inputs were made
equivalent by assuming a green dimension (sawmill target
size) and basic SG for the rough dry lumber. Thus, 1 m3 of
rough dry lumber entering the process has the same (or
nearly the same) bone dry mass as 1 m3 of rough green
lumber. On the product side, planed green lumber has a
slightly larger target size and slightly lower SG than planed
dry lumber. These two factors nearly offset each other so
that the bone dry masses of 1 m3 of planed green and dry
lumber are very similar for a given nominal dimension. All
planed lumber was dry southern pine in the SE region.
The reported woody inputs and outputs associated with
the production of 1 m3 of planed dry lumber are shown in
Table 4. The reported inputs and reported outputs balance
by mass to within 5.4 percent in the PNW and 0.5 percent in
the SE. The mills reported production in BF lumber scale.
This was converted to cubic meters using the actual planed
dry dimensions as presented in the grading rules.
Water, 7.0 kg/m3 in the PNW region and 29.1 kg/m3 in
the SE region, was used for cooling machinery and dust
control. In the PNW and SE regions, 0.44 and 0.35 liter/m3
diesel were used, respectively. Electricity use was 14.3
and 22.0 kW/h/m 3 in the PNW and SE regions,
respectively.

LCI results for planed, dry, softwood, dimension lumber
are presented in Tables 5 through 8. The forest operations
columns represent the cradle-to-gate impacts of producing
logs loaded on conveyance at the landing, including
seedling production, planting, management, and harvest.
The wood production columns represent the gate-to-gate
impacts of lumber production. The total columns represent
the cradle-to-gate impacts of producing lumber, packaged
and loaded on conveyance at the plant gate. The values in
each column include the on-site and off-site impacts.
MILOTA AND PUETTMANN

at lumber mills. Burners in the SE region consume 37.5
percent of the wood energy.
The major sources of on-site air emissions (Table 6) are
dryers and boilers. Dryer emissions include volatile organic
compounds (VOCs), such as terpenes, that come from the
wood. In the PNW region, VOCs are approximately 47
percent from each the boiler and the dryer. A higher
proportion, 82 percent, comes from the dryers in the SE
region, partly because of combustion at direct-ﬁred kilns
instead of a boiler and partly because hemlock is a
nonresinous species. The balance of the VOCs are from
other on- and off-site processes. About half of the large
particulate (.10 lm) emissions tend to come from the

Raw material energy consumption (Table 5) is the
amount of resource extracted and used for energy. Almost
all of the coal and uranium are used in electricity
production. In each region, 91 percent of the oil is
attributable to diesel burned in equipment such as trucks,
skidders, and forklifts. In the PNW region, 65, 20, and 12
percent of the natural gas is used for off-site electricity, in
boilers, and for chemical production, respectively. In the SE
region, these values are similar, 59, 21, and 16 percent.
Chemical production includes ammonia, urea, and ethylene,
which are used in forest fertilization and product packaging.
Wood is combusted for energy in on-site boilers or burners

Table 5.—Cradle-to-gate raw material energy consumption for production of planed dry softwood lumber in the Pacific Northwest
(PNW) and Southeast (SE).
kg/m3 of planed dry lumber
PNW

SE

Fuel

Total

Forestry operations

Wood production

Total

Forestry operations

Wood production

Coal
Gas
Oil
Uranium
Wood

8.49Eþ00
8.51Eþ00
7.27Eþ00
1.85E04
1.17Eþ02

1.49E01
1.92E01
2.54Eþ00
3.50E06
0.00Eþ00

8.34Eþ00
8.32Eþ00
4.73Eþ00
1.82E04
1.17Eþ02

2.09Eþ01
3.95Eþ00
8.81Eþ00
5.85E04
1.79Eþ02

2.35E01
8.51E01
3.54Eþ00
5.37E06
0.00Eþ00

2.07Eþ01
3.10Eþ00
5.27Eþ00
5.80E04
1.79Eþ02

Table 6.—Cradle-to-gate air emissions for production of planed dry softwood lumber in the Pacific Northwest (PNW) and Southeast
(SE).a
kg/m3 of planed dry lumber
PNW

SE

Substance

Total

Forestry operations

Wood production

Total

Forestry operations

Wood production

Acetaldehydeb
Acroleinb
Carbon dioxidec
Carbon dioxided
Carbon dioxidee
Carbon monoxided
Carbon monoxidee
Formaldehydeb
HAPsc
Hydrocarbonsc
Methane
Methanee
Methanolb
Nitrogen oxides
Particulates, ,10 lm
Particulates, ,2.5 lm
Particulates, .10 lm
Particulates, .2.5, ,10 lm
Particulatesc
Phenolb
Propanalb
Sulfur dioxide
Sulfur oxides
VOC
Wood (dust)

2.16E02
9.79E04
6.81E02
2.06Eþ02
5.38Eþ01
3.77E01
1.91E01
1.90E03
2.13E04
5.67E05
1.29E01
1.38E02
1.70E02
4.88E01
5.50E02
2.29E02
2.17E02
1.02E02
1.41E02
7.58E05
1.63E04
2.69E01
1.25E02
2.34E01
7.56E02

3.44E05
4.17E06
2.25E02
6.52E03
8.26Eþ00
0.00Eþ00
7.51E02
5.33E05
0.00Eþ00
1.07E06
1.11E02
8.54E04
0.00Eþ00
1.50E01
0.00Eþ00
0.00Eþ00
0.00Eþ00
4.59E03
8.19E04
3.25E12
7.71E11
5.39E03
0.00Eþ00
4.01E03
0.00Eþ00

2.16E02
9.74E04
4.57E02
2.06Eþ02
4.56Eþ01
3.77E01
1.16E01
1.85E03
2.13E04
5.56E05
1.18E01
1.29E02
1.70E02
3.38E01
5.50E02
2.29E02
2.17E02
5.59E03
1.33E02
7.58E05
1.63E04
2.64E01
1.25E02
2.30E01
7.56E02

7.16E03
1.14E03
5.52E01
2.36Eþ02
7.56Eþ01
4.26E01
2.50E01
9.82E03
0.00Eþ00
1.79E04
1.52E01
1.06E02
4.46E02
6.36E01
5.32E02
6.37E02
9.81E02
1.23E02
3.27E02
1.12E03
1.86E04
3.99E01
1.31E02
9.63E01
—

4.77E05
5.78E06
5.18E01
1.00E02
1.17Eþ01
0.00Eþ00
1.04E01
7.41E05
0.00Eþ00
1.64E06
2.42E02
2.47E03
0.00Eþ00
2.09E01
0.00Eþ00
0.00Eþ00
0.00Eþ00
6.40E03
1.44E03
6.40E11
1.52E09
2.67E02
0.00Eþ00
6.14E03
—

7.11E03
1.13E03
3.44E02
2.36Eþ02
6.40Eþ01
4.26E01
1.45E01
9.75E03
0.00Eþ00
1.78E04
1.28E01
8.10E03
4.46E02
4.28E01
5.32E02
6.37E02
9.81E02
5.89E03
3.13E02
1.12E03
1.86E04
3.72E01
1.31E02
9.57E01
—

Values greater than 102 kg/m3 for either region are shown, as are volatile organic compounds (VOCs), particulates, and Maximum Achievable Control
Technology (MACT) standard hazardous air pollutants (HAPs).
b
HAP speciﬁed in MACT rule, Title 3.
c
Unspeciﬁed.
d
Biogenic.
e
Fossil.
a
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sawing and planing, while smaller particulates (,2.5 lm)
tend to be from the boiler and burners. Particulates in the
form of condensed hydrocarbon may also be present in dryer
exhaust and tend to fall between these sizes. Under Title III
of the Clean Air Act Amendments of 1990, the Environmental Protection Agency has designated six hazardous air
pollutants that wood products facilities are required to report
as surrogates for all hazardous air pollutants. These are
methanol, acetaldehyde, formaldehyde, propionaldehyde
(propanal), acrolein, and phenol. Methanol and acetaldehyde are 89 to 99 percent from the dryer with nearly all the
balance from boilers. In the PNW region, formaldehyde was
79 percent from the boiler and 13 percent from the dryer
compared with 88 and 12 percent in the SE region. Acrolein
was reported mainly from the dryers in both regions.
Propionaldehyde was approximately 10 percent owing to the
boiler with most of the balance attributable to the dryer in
the PNW region and 100 percent in the SE region. Phenol
(,104 kg/m3) was nearly 100 percent attributable to the
boiler in the PNW region. The reporting of phenol from the
dryer in the SE is probably owing to the combustion because
phenol is not released during wood drying based on nearly

all research. Many of the compounds listed as air emissions
are produced off-site.
On-site liquid emissions (Table 7) from the process are
not common for sawmills as process water is captured.
Because discharge is not permitted at most sites, only one
mill in the PNW region and three in the SE region reported
liquid emissions. Chloride, suspended solids, and solved
solids, the highest emissions, were not reported from on-site
at any mill. Reported on-site emissions included suspended
solids and biological oxygen demand in both regions and
chemical oxygen demand and oil in the PNW region.
Solid emissions (Table 8) included ash from the boilers or
burners and small amounts of plastic strapping and wood
debris going to landﬁlls. The ash to landﬁlls is lower in the
PNW region because more (70%) is sold for agricultural
application than in the SE region (16%). Gas boilers with no
ash were reported in the PNW region. Also, more water is
removed in the SE region per cubic meter of lumber
produced, so more energy is required contributing to more
ash. The woody debris is most likely bark from log yard
cleanup. It contains dirt and is not suitable for use as a fuel

Table 7.—Cradle-to-gate liquid emissions for production of planed dry softwood lumber in the Pacific Northwest (PNW) and
Southeast (SE).a
kg/m3 of planed dry lumber
PNW

SE

Substance

Total

Forestry operations

Wood production

Total

Forestry operations

Wood production

Barium
BOD
Bromide
Calcium
Calcium, ion
Chloride
COD
Fluoride
Iron
Lithium
Lithium, ion
mXylene
Magnesium
Radioactive, nuclidesb
Sodium
Sodium, ion
Solved solids
Sulfate
Suspended solidsb

3.94E02
1.50E02
1.13E02
9.44E02
7.53E02
1.91Eþ00
2.10E02
7.18E04
6.36E03
1.56E02
1.34E02
1.60E06
3.32E02
3.05Eþ02
2.99E01
2.39E01
1.04Eþ00
8.12E03
1.40Eþ00

1.13E02
1.76E03
2.07E03
3.10E02
0.00Eþ00
3.48E01
3.34E03
6.50E04
1.64E03
6.62E04
0.00Eþ00
2.92E07
6.05E03
5.77Eþ00
9.82E02
0.00Eþ00
0.00Eþ00
7.82E04
4.55E01

2.81E02
1.32E02
9.25E03
6.35E02
7.53E02
1.56Eþ00
1.77E02
6.85E05
4.71E03
1.50E02
1.34E02
1.31E06
2.71E02
2.99Eþ02
2.01E01
2.39E01
1.04Eþ00
7.34E03
9.46E01

4.35E02
1.09E02
1.05E02
1.06E01
5.16E02
1.78Eþ00
1.77E02
1.47E02
7.15E03
1.55E02
3.74E03
3.09E02
3.09E02
9.65Eþ02
3.37E01
1.64E01
7.15E01
1.71E02
1.58Eþ00

1.65E02
2.98E03
3.52E03
5.28E02
0.00Eþ00
5.93E01
5.51E03
1.49E02
2.46E03
4.15E03
0.00Eþ00
1.03E02
1.03E02
8.84Eþ00
1.67E01
0.00Eþ00
0.00Eþ00
1.32E03
7.69E01

2.70E02
7.91E03
7.02E03
5.36E02
5.16E02
1.18Eþ00
1.22E02
1.23E04
4.69E03
1.13E02
3.74E03
2.06E02
2.06E02
9.56Eþ02
1.70E01
1.64E01
7.15E01
1.57E02
8.13E01

a
b

Values greater than 102 kg/m3 for either region are shown. BOD ¼ biological oxygen demand; COD ¼ chemical oxygen demand.
Unspeciﬁed.

Table 8.—Cradle-to-gate solid emissions for production of planed dry softwood lumber in the Pacific Northwest (PNW) and
Southeast (SE).
kg/m3 of planed dry lumber
PNW

SE

Substance

Total

Forestry operations

Wood production

Total

Forestry operations

Wood production

Ash
Other inorganics
Other organics
Waste, solid
Woody material

1.12
0.031
0.0005
2.97
0.005

0.00
0.00
0.0000
0.13
0.00

1.11
0.031
0.0005
2.84
0.005

2.069
0.317
0.010
6.493
—

0.006
0.000
0.000
0.205
—

2.063
0.317
0.010
6.288
—

340

MILOTA AND PUETTMANN

or product. Many materials were recycled, such as metals,
plastic strapping, antifreeze, and batteries.

2005 report, included more recent electricity grid and
wood boiler data, and calculated indicators. The updates
were necessary to comply with the product category rules
for North American Structural Wood Products so that an
environmental product declaration on North American
softwood lumber could be produced. Global warming
impacts in the PNW region were reduced by 48 percent
compared with the 2013 report, while acidiﬁcation,
eutrophication, and smog were lowered by 44, 14, and 10
percent, respectively (Table 9). The GWP increase in the
SE region is due to increased energy use compared with the
earlier study. Acidiﬁcation, eutrophication, and smog were
increased by 17, 15, and 17 percent, respectively (Table 9).
Impact indicators for GWP, acidiﬁcation, eutrophication,
ozone depletion, and smog potential provide general but
quantiﬁable indications of potential environmental impacts. No single indicator has more or less signiﬁcance
than another. Each is stated in units that are not
comparable to others.
Nonrenewable materials consumed during the manufacturing of planed dry lumber include ink, wrapping, and
strapping and total 0.180 and 0.113 kg/m3 in the PNW and
SE regions, respectively. Renewable materials include
mainly the logs, but dunnage and stickers and other
materials make up 0.4 percent. Water consumption was
354 and 474 liters/m 3 in the PNW and the SE,
respectively. Water consumption is more than three times
greater, and solid waste is less than one-third of that
previously reported. No reasons were determined for these
differences.
Using the TRACI impact assessment method for carbon
releases, a carbon balance (Table 10) was constructed for
each region. Emissions from wood combustion (e.g.,
methane or nitrogen oxides) are included in the GWP
impact category, but CO2 is not. Using this method, 57.8 kg
CO2 eq were released in the production of 1 m3 of lumber in
the PNW and 81.5 kg CO2 eq in the SE. The 1 m3 of lumber
stores has a carbon content of 50 percent and stores 856 and

LCI assessment results
The total energy for producing 1 m3 of softwood lumber
from the PNW region changed only slightly from 3,532
MJ/m3 (Milota et al. 2005) to 3,434 MJ/m3 in the current
study (Table 9). The total energy was 5,151 MJ/m3 in the
SE region, higher than the 3,363 MJ/m3 previously
reported (Milota et al. 2005). It is not clear why the
energy use in the 2005 report was so low. Taking the
current value for the PNW region and accounting for the
additional water removed during drying in the SE region
would suggest a value for the SE region on the order of
4,200 MJ/m3, about midway between the value in the 2005
report and the value from the current survey. The energy
from wood is almost all for drying in both regions. It is
worth noting that mills in both regions are more than 70
percent energy self-sufﬁcient. Fossil energy, 878 MJ/m3 in
the PNW region and 1,160 MJ/m3 in the SE region, is used
for machinery, transportation, electricity, and drying. It is
lower in the PNW region than in the 2005 report (1,534
MJ/m3) because fewer mills reported gas boilers. For the
same reason, the biomass energy used in the PNW region,
2,449 MJ/m3, is greater than in the previous work, 1,597
MJ/m3 (Milota et al. 2005).
GWP is lower in the PNW region than in the SE region,
mainly because of hydro in the electrical grid. This is
somewhat offset by use of the gas boilers in the PNW
region. For GWP, 83 to 85 percent of the CO2 equivalent
emissions come from producing lumber, with 15 to 17
percent assigned to forestry operations (not shown in table).
The contribution of forestry operations to the other factors
ranges from 7 to 32 percent in the PNW region and from 21
to 64 percent (eutrophication) in the SE region.
GWP and other indicators were not calculated by Milota
et al. (2005), as it was not required under CORRIM
protocol at the time. Puettmann et al. (2013) updated the

Table 9.—Life-cycle impact assessment results for softwood lumber production with comparison to Milota et al. (2005) or Puettmann
et al. (2013).
Pacific Northwest
Unit

2012

Southeast
1999

2012

1999

Primary energy consumption
Fossil
Nuclear
Renewable, nonbiomass
Renewable, biomass
Total

MJ
MJ
MJ
MJ
MJ

878
70.50
36.7
2,449
3,434

1,765
97.
73
1,597
3,532

1,160
223
8.82
3,759
5,151

846
166
4.3
2,347
3,363

Impact potential
Global warming
Acidification
Eutrophication
Ozone depletion
Smog

kg
kg
kg
kg
kg

CO2 eq
SO2 eq
N eq
CFC-11 eqa
O3 eq

57.8
0.646
0.0256
5.51E09
13.20

112.3
1.16
0.0297
0.00000
14.63

81.4
0.892
0.0569
3.87E09
19.5

60.7
0.76
0.0495
0.00000
16.7

Material consumption (nonfuel)
Nonrenewable
Renewable
Fresh water
Solid waste
a

kg
kg

0.180
478.0

0.114
466.0

0.113
652

0.104
479.3

liters
kg

354.0
4.12

105.7
12.81

474
8.89

186
23.6

CFC ¼ chloroﬂuorocarbons.
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Table 10.—Carbon per 1 m3 of planed dry softwood lumber
produced in the Pacific Northwest (PNW) and Southeast (SE).

Forestry operations
Lumber manufacturing
CO2 eq stored in product
Net CO2 eq

PNW

SE

8.6
49.2
856
798

13.8
67.7
935
854

935 kg CO2 eq in the PNW and the SE, respectively. The
difference is the due to the mean SG of 0.467 being less than
0.51 in the SE.

Conclusions
In each region, the PNW and the SE, the survey data are
representative of the lumber sizes and production volumes
consistent with trade association production data. In the
PNW region, the relative amounts of Douglas-ﬁr and
hemlock lumber in the survey were similar to what is
reported as outputs for the region.
Emissions from the forestry operations LCI range from 0
to 2 percent of the emissions from manufacturing for most
compounds; however, this can range up to 67 percent for
some isolated minor compounds. At the mill site. emissions
to land and water are small. Mill site airborne emissions
originate mainly at the boiler and dryer and are a function of
the fuel burned.
Manufacturing consumes 96 percent of the cradle-togate energy to produce planed dry softwood lumber, with
the balance attributable to forestry operations. Forestry
operations consumed almost exclusively fossil fuels. The
energy for processing was about 71 to 73 percent from
biomass. Overall, energy use in both regions is dominated
by the drying process. Steam from wood fuel supplied 91.8
percent of the thermal energy used for drying with the
balance from natural gas in the PNW. The thermal energy
for drying in the SE was all from wood; however, many
kilns are direct ﬁred, and the mills lack boilers. The sawing
process is the greatest consumer of electrical energy
followed by planing.
The global warming impact indicator is 58.7 kg CO2 eq
per m3 in the PNW region and 81.4 kg CO2 eq per m3 in the
SE region, of which 85 percent is due to processing and
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transport. Planed, dry lumber from the PNW region stores
856 kg CO2 eq per m3 compared with 935 kg CO2 eq per m3
for lumber from the SE region, far more than emitted from
cradle to gate (57.8 and 81.5 kg CO2 eq per m3,
respectively).
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Abstract
To keep environmental product declarations current, the underlying life-cycle inventory (LCI) data and subsequent lifecycle assessment data for structural wood products must be updated. Primary data collected from the industry for the year
2012 were analyzed using the weighted-average to update LCIs for laminated veneer lumber (LVL) production on a 1-m3
basis in the Southeast (SE) and Paciﬁc Northwest (PNW) regions of the United States. In addition, cradle-to-gate life-cycle
impact assessments (LCIAs) were performed to assess the environmental impacts associated with LVL production for both
regions. The cradle-to-gate LCIAs included three life-cycle stages: forestry operations, dry veneer production, and LVL
production. The LCIs revealed that the dry veneer life-cycle stage dominated overall primary energy consumption for both
the SE and the PNW at 6.83 (68.5%) and 6.75 GJ/m3 (75.3%), respectively. Energy consumption at the veneer stage was
based primarily on renewable sources, especially wood fuel consumed on-site for thermal energy generation. In contrast, the
LVL production stage was dependent mainly on fossil fuels, where the major resources consumed were natural gas and coal.
The LCIA results showed that the veneer production stage dominated the majority of the ﬁve impact categories investigated
with a greater than 50 percent contribution. Yet the LVL production stage had a signiﬁcant contribution to the ozone
depletion impact category, with 92 and 98 percent of total impact, for the SE and the PNW, respectively, coming from resin
production used in LVL manufacturing. Overall, the contribution of forestry operations to the resulting impacts was minor.

D

ocumenting the environmental performance of building products is becoming widespread because of many green
marketing claims being made without scientiﬁc merit (i.e.,
green washing). Increased environmental awareness (i.e.,
environmental preferential purchasing) and environmental
regulations that manufacturers and forest landowners face
require manufacturers to assess their environmental performance and communicate environmental information. Developing environmental product declarations (EPDs) for
structural wood products is one way to accomplish this
objective for scientiﬁc documentation (International Organization for Standardization [ISO] 2006a, Bergman and
Taylor 2011). EPDs provide objective and veriﬁed data on
environmental performance of products and services and

can be used to identify the environmental hot spots for
improvements. In addition, keeping EPDs current allows the
continuous environmental improvement of products to be
assessed over time. In addition, developing wood product
life-cycle inventory (LCI) data helps construct product lifecycle assessments (LCAs) that are then incorporated into
developing whole building LCAs in environmental footprint
software, such as the Athena Impact Estimator for Buildings
(Athena Sustainable Material Institute 2016). Conducting
whole building LCAs provides for points that go toward
green building certiﬁcation in rating systems such as LEED
v4, Green Globes, and the ICC-700 National Green Building
Standard (Ritter et al. 2011).
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There has been an increasing interest in engineered wood
products since the 1980s. Currently, the use of wood
products such as glue-laminated beams, I-joists, and
laminated veneer lumber (LVL) instead of large timbers in
rooﬁng and ﬂooring systems is increasing (Prestemon et al.
2015). LVL is an engineered wood product that falls into the
North American Industry Classiﬁcation System (NAICS)
Code 321213, ‘‘Engineered Wood Member (except Truss)
Manufacturing,’’ which includes other structural wood
engineered products such as ﬁnger joint lumber, I-joists,
parallel strand lumber, and glue-laminated timbers (US
Census Bureau 2012, ASTM International 2014a).
LVL, which is composed of multiple layers of dry wood
veneers glued together with their grain orientation in the
same direction, is designed to be used in the same manner as
solid wood products, such as sawn lumber (US Environmental Protection Agency [US EPA] 2002, Wilson and
Dancer 2005, Stark et al. 2010). The veneers are made from
rotary peeling of veneer logs. One major advantage of LVL
is that it can easily be manufactured in desired size, length,
and shape. It is also durable and comparable to solid timber,
concrete, and steel in terms of strength and shows notable
carbon emission savings (Bergman et al. 2014). LVL can be
used as an alternative to structural lumber in residential and
commercial construction. It can be used in conjunction with
softwood plywood or oriented strandboard to make
composite I-joists but could also be used as a stand-alone
for headers, beams, edge-forming material, and joists
(Wilson and Dancer 2005; Puettmann et al. 2013a,
2013b). In the early 2000s, LCI data for major structural
wood products in the United States for different wood
production regions were developed as a part of an extensive
LCA effort initiated through the Consortium for Research
on Renewable Industrial Materials (CORRIM 2005, 2010).
Currently, the LCIs developed are publicly available
through the US LCI Database (National Renewable Energy
Laboratory [NREL] 2012). As a part of the earlier CORRIM
initiative, Wilson and Dancer (2005) developed the LVL
LCI data for the Southeast (SE) and Paciﬁc Northwest
(PNW) regions of the United States based on production
data for the year 2000. Later, Puettmann et al. (2013a,
2013b) developed the corresponding regional LVL LCAs
for use in developing a North American LVL EPD
(American Wood Council/Canadian Wood Council 2013).
The goal of this study was to update the LCI data for LVL
production in the SE and PNW regions of the United States
based on 2012 manufacturing data and develop new cradleto-gate LCIs. In addition, LCAs were performed and
presented using the updated inventory data for LVL
manufacturing for the two regions. The two updated LVL
LCA data sets will be used to update the current North
American LVL EPD. Data quality requirements to develop
EPDs are described in the product category rule (PCR) for
North American Structural and Architectural Wood products (FPInnovations 2015). The requirements for the
primary data include representativeness of the North
American region in terms of geographic and technological
coverage. The data typically required to be less than 10
years old. Earlier, CORRIM study LCI was based on 2000
production data, and in order to fulﬁll PCR requirements,
updated LCI data were needed. This article presents the LCI
data developed for LVL production in the United States
representative of the production year 2012.
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Materials and Methods
This article presents the LCI developed and the results
of the cradle-to-gate LCA performed to assess the
environmental impacts associated with the LVL production in the PNW and SE regions of the United States. The
LCI data were generated based on the primary data
collected from LVL plants in accordance with the
CORRIM Research Guidelines (CORRIM 2014). Secondary data, such as supply of electricity, manufacturing of
the chemicals, transport, and disposal, were from peerreviewed literature and the US LCI database (NREL
2012). Material and energy balances were calculated from
primary and secondary data. The SimaPro 8.0.5 software
incorporating the US LCI Database (NREL 2012) modeled
the system (PRé Consultants 2016). Complete details of
this study for LCI development for LVL production and
the CORRIM project can be found in Bergman and
Alanya-Rosenbaum (2017a, 2017b). The LCA that was
performed conformed with the PCR for North American
structural and architectural wood products (FPInnovations
2015) and ISO 14044 and 14040 standards (ISO 2006b,
2006c).

Goal and scope definition
This study had two main objectives. The ﬁrst objective
was to develop updated cradle-to-gate LVL manufacturing
LCI data. The second was to assess environmental impacts
associated with LVL production in the United States by
performing a cradle-to-gate LCA, focusing on two regions:
the SE and the PNW. The results of this study provided
information on current environmental performance of the
regional LVL production in the United States. The outcomes
of this life-cycle impact assessment (LCIA) study can be
used by LVL plant managers and wood associations to
identify potential process improvements and to enhance
environmental performance of LVL production in the two
regions.
In accordance with international standards (ISO 2006b,
2006c; International Reference Life Cycle Data System
2010), the scope of the present LCA study covered the lifecycle stages of LVL from forest resource activities through
veneer production to the ﬁnal LVL product leaving the
plant. The present LCA provided a cradle-to-gate analysis of
environmental impacts and cumulative energy of manufacturing and transportation of raw materials to the veneer and
LVL production facilities.

Allocation procedure
Selecting an allocation approach is an important part of
an LCA study. In the present study, all primary energy and
environmental outputs were assigned to various coproducts
by mass allocation. The decision was based on the fact that
LVL as the ﬁnal product contained more than 90 percent of
the mass leaving the system and because the speciﬁc
gravities of both LVL and associated coproducts were
similar. The earlier CORRIM study applied mass allocation,
whereas in this study, economic allocation was performed in
addition to mass allocation because the wood product PCR
suggests using economic allocation for a multioutput
process when the difference in revenues is more than 10
percent (FPInnovations 2015). The results of the analysis
using economic allocation are provided.
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Functional unit
In accordance with the PCR (FPInnovations 2015), the
declared unit for LVL was 1 cubic meter (1 m3). A declared
unit was used in instances where the function and the
reference scenario for the whole life cycle of a wood
building product cannot be stated (ISO 2007, FPInnovations
2015). For conversion of units from the US LVL industry
measure, 1 ft3 of LVL equals 0.02832 m3 with a ﬁnal
product ovendried moisture content of 6 percent. All input
and output data were allocated to the declared unit of
product based on the mass of products and coproducts in
accordance with ISO 14044 (ISO 2006b). As the analysis
does not take the declared unit to the stage of being an
installed building product, no service life was assigned.

System boundaries
The system boundary begins with regeneration in the
forest and ends with LVL at the mill gate (Fig. 1). The
system boundary included forest resources, transportation of
roundwood to the primary breakdown facility, dry veneer
production, dry veneer transportation to the LVL facility if
needed, phenol-formaldehyde (PF) resin production, and
LVL production. Three unit processes in LVL manufacturing included lay-up, hot pressing, and sawing and trimming.
Packaging of LVL was also considered in the system

boundary. Resources used for the cradle-to-gate production
of energy and electricity consumed on-site were included
within the cumulative system boundary. In addition,
ancillary material consumption data, such as motor oil,
paint, and hydraulic ﬂuid, were included in the analysis.
Off-site emissions that were accounted for include those
from grid electricity production, transportation of feedstock
and the resin, and off-site fuel production.

System investigated
The cradle-to-gate LCA of LVL manufacturing included
three major life stages: forestry operations, dry veneer
production, and LVL production. The PF resin used in LVL
production as part of the resin system was included in the
analyses and considered as an upstream process in LVL
production.
Forest operations.—Forest resource management (i.e.,
forest operations) include the production of the logs used in
the production of LVL. Their life-cycle activities include
the establishment, growth, and harvest of trees. Forestry
operations vary regionally (Johnson et al. 2005) but
typically include some combination of growing seedlings,
regeneration, site preparation, planting (where applicable),
thinning, fertilization (where applicable), and ﬁnal harvest.
Harvesting includes felling, skidding, processing, and

Figure 1.—Cradle-to-gate system boundary and process flow for production of laminated veneer lumber.
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loading for both commercial thinning and ﬁnal harvest
operations. The primary output product is a log destined for
softwood veneer. The coproduct, nonmerchantable (logging) slash, is generally left at a landing. Slash disposal was
not modeled, as it was assumed to decay in situ. Forest
operations modeled as inputs to dry veneer and LVL
production were based on forest resource LCI data inputs
from the PNW and SE softwood forests (Johnson et al.
2005; Puettmann et al. 2013a, 2013b).
Veneer production.—Dry softwood veneer plies were
used in LVL production. The moisture content of the dry
veneer ranges from 3 to 6 percent (ovendry basis). In the
PNW region, the dry veneer made into LVL comes from
logs of many softwood species representing a mix of
Douglas-ﬁr (Pseudotsuga menziesii), white ﬁr (Abies concolor), western hemlock (Tsuga heterophylla), lodgepole
pine (Pinus contorta), and western larch (Larix occidentalis). In the SE region, dry veneer comes from the softwood
species representing a mix of longleaf pine (Pinus
palustris), shortleaf pine (Pinus echinata), slash pine (Pinus
elliotti), and loblolly pine (Pinus taeda L.) along with some
hardwood, mostly from yellow poplar (Liriodendron
tulipfera) and a little from red maple (Acer rubrum). In
this study, the dry veneer data provided by M. Puettmann
(personal communication, April 24, 2015) on softwood
plywood production were adopted.
PF resin.—The LCI for the production of PF resin
covered its life cycle from extraction of in-ground resources
through the production and delivery of input chemicals and
fuels through to the manufacturing of a resin as shipped to
the customer (Wilson 2010). The PF resin survey data were
from 13 plants in the United States that represented 62
percent of total production for the year 2005 (Wilson 2009).
The inputs to produce 1 kg of neat PF resin consist of the
two primary chemicals, 0.244 kg of phenol and 0.209 kg of
methanol, and a lesser amount of sodium hydroxide (0.061
kg) and 0.349 kg of water. Electricity is used for running
fans and pumps and for operating emissions control
equipment. Natural gas is used for boiler fuel and emission
control equipment, and propane fuel is used in forklifts.
LVL production.—Three main unit processes were
considered in LVL manufacturing, including lay-up, hot
pressing, and trimming and sawing. For the lay-up unit
process, the lay-up lines are used to arrange pieces of the
proper grades of dry veneer into the assembly process, resin
is applied, and the veneers are assembled into a mat before
pressing (Baldwin 1995, Wilson and Dancer 2005). First, a
veneer feeder assembly places veneer pieces into the lay-up
sequence. Even though LVL can vary in thickness and
width, it is most commonly produced in the dimensions of
4.45 cm (1ł in.) thick and 122 cm (4 ft) wide into lengths
from 2.44 to 18.3 m (8 to 60 ft). After pieces of veneer are
arranged onto the lay-up conveyor, resin is applied to each
piece of veneer, except for the top veneer layer in the LVL
billet. Afterward, the LVL mat is assembled layer by layer.
Inputs include dry veneer and resins, and outputs include
LVL billet, lay-up scrap, and small amounts of volatile
organic compounds (VOCs) and hazardous air pollutants
(HAPs). Although small amount of fugitive VOCs and
HAPs are emitted, they are accounted for within the hotpressing unit process.
For the hot-pressing unit process, heat and pressure
applied during hydraulically pressing cure the resin, thus
binding the veneer layers together. Inputs include uncured
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LVL billets, while outputs include cured LVL billets along
with emissions of particulate matter (PM), PM2.5, VOCs,
and HAPs released from heating of the wood and curing of
the resins. Cold pressing can also occur at some production
facilities when wider LVL billet beams are produced.
For the trimming and sawing unit process, the LVL billet
is sawn to the desired dimensions. The wood residue
generated during trimming and sawing is collected pneumatically into a wood waste collection system (i.e.,
baghouses). Once sawn, a protective and cosmetic sealant
is sometimes applied to the LVL. Inputs include LVL billets
and sealant, and output includes ﬁnished LVL, (used) tested
LVL, and wood residues along emissions of PM, PM2.5, and
PM10 from collecting wood residues and VOCs and HAPs
from the application and curing of sealant.

Inventory approach
The relevant primary quantitative data to develop gate-togate inventory, including input and output ﬂows associated
with the unit processes included in the system boundaries of
LVL production, were collected through surveys. The
surveyed plants provided detailed annual production data
on their facilities for the year 2012. This survey tracked raw
material and energy inputs, product and by-product outputs,
and pertinent emissions to water and air as well as solid
waste generation. Secondary data, such as pre–mill gate
processes (e.g., forestry operations, dry veneer production,
and electricity production), were retrieved from peerreviewed literature and public databases.
There were two major energy sources used at the LVL
plants: electricity and natural gas. The electrical grid
composition for the PNW and SE regions of the United
States was adopted from the US LCI database (NREL
2012). Natural gas (31.8%) and coal (30.2%) power made
up most of the PNW (WECC) grid, while coal (56.4%) and
nuclear (25.2%) made up most of the SE (SERC) grid.
Another major on-site energy source used was natural gas.
Burning natural gas generated steam that was then used in
the hot-pressing unit process.
For the cradle-to-gate LCA analysis, the gate-to-gate
LVL LCI data developed using the survey data were linked
to available forest resources (Johnson et al. 2005; Puettmann
et al. 2013a, 2013b), dry veneer production LCI data
(Kaestner 2015; M. Puettmann, personal communication,
April 24, 2015), and ﬁnished LVL packaging (Puettmann et
al. 2013a, 2013b) along with any required transportation to
construct the cradle-to-gate LCI. Complete details of this
study for LCI development for LVL production and the
CORRIM project can be found in Bergman and AlanyaRosenbaum (2017a, 2017b).

Cutoff rules
According to the PCR (FPInnovations 2015), if the mass–
energy of a ﬂow is less than 1 percent of the cumulative
mass–energy of the model ﬂow, it may be excluded,
provided that its environmental relevance is minor. This
analysis included all energy and mass ﬂows for primary
data.
In the primary surveys, manufacturers were asked to
report total HAPs speciﬁc to their wood products manufacturing process regardless of whether they were less than the
1 percent cutoff. These are methanol, acetaldehyde,
formaldehyde, propionaldehyde (propanal), acrolein, and
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phenol. If applicable to the wood product, HAPs are
reported in the LCI Data section of Bergman and AlanyaRosenbaum (2017a, 2017b). Under Title III of the Clean Air
Act Amendments of 1990, the US EPA has designated
HAPs that wood products facilities are required to report as
surrogates for all HAPs. All HAPs are included in the LCI;
no cutoff rules apply.

Data quality requirements
The present study collected data from representative
LVL manufacturers in the PNW and the SE that use
average technology for their regions. The dry veneer
produced at the product manufacturing facilities mills in
the two regions of the United States is the raw wood input
to LVL production.
Total US LVL production for 2012 was 1.31 million m3.
The United States has eight companies with 15 operating
production facilities, with seven in the PNW region and
eight in the SE region. Of the 15 plants, six facilities
participated in the study. Two US LVL plants representing
8.5 percent of 2012 US production (0.111 million m3) for
the PNW region and four US LVL plants representing 26.4
percent of 2012 US production (0.344 million m3) for the
SE region participated in the study by providing primary
data for each region (APA—The Engineered Wood
Association 2014). Although the number of plants
surveyed may be small compared with a ‘‘typical’’ mail
survey, the level of detail and amount of primary mill data
were very high. Each facility contributed a substantial
amount of time completing the questionnaire, ranging from
20 to 28 hours, with an average of 24 hours, including
follow-up questions. In addition, to aid in data quality, the
authors conducted a site visit after all the survey data were
collected and analyzed. The PNW and the SE are the
primary regions for producing structural wood products
such as LVL. The surveyed plants provided detailed annual
production data on their facilities, including on-site energy
consumption, electrical usage, veneer volumes, and LVL
production for 2012. Wilson and Dancer (2005) performed
a 2000 US LVL LCI study that covered 34 percent (0.187
million m 3) and 52 percent (0.221 million m 3) of
production for the PNW and the SE, respectively. The
production of surveyed facilities for 2012 showed a
decrease of 40 percent from 2000 for the PNW and an
increase of 56 percent for the SE. In addition, unlike the
earlier 2000 study, 2012 LVL production data were not
available by region. Therefore, total LVL production data
by region could not be quantiﬁed for 2012.
To ensure data of the highest quality, data control
measures were taken. Quantitative mass balances were
performed to verify data quality. First, mass balances at
individual facilities were conducted where the data were
found to be consistent for the surveyed mills. Second,
overall wood mass in and total wood mass out for both
regions were calculated, and the difference was less than 2
percent. A difference less than 10 percent is considered
good for wood product production. In addition, the primary
data obtained from the surveys were weight averaged. The
weighted coefﬁcient of variation representing the variability
in the collected process data was calculated and presented.
Additionally, a sensitivity analysis investigating the energy
inputs into LVL production was performed to investigate
the robustness of the impact assessment results.
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Assumptions and limitations
The data collection, analysis, and assumptions followed
the protocol deﬁned by CORRIM in ‘‘Research Guidelines
for Life-Cycle Inventories’’ (2014). To conform to ISO
14040 (ISO 2006c), additional considerations are listed
below:
1. Although small in quantity relative to the wood mass,
impacts from production of the resin system were
included in the analysis.
2. The authors did not collect 2012 primary forest resource
data but used secondary data from earlier LCA studies
to develop the cradle-to-gate analysis. It is expected that
forest resource data will be updated in the near future.
As mentioned previously, to develop new EPDs, new
underlying LCA data must be continually generated per
the North American wood product PCR (FPInnovations
2015).
3. For the secondary data for forest resource incorporated
into the analysis, data included growing seedlings,
planting, thinning, fertilization (where applicable), and
ﬁnal harvest.
4. For regional forest harvesting, a single estimate of the
average volume harvested per unit area was developed
by weighting three combinations of management
intensity (low, medium, and high intensity) and site
productivity based on the relative percentage of the land
base they occupy. Puettmann et al. (2013a, 2013b) list
speciﬁc inputs, input assumptions, variations in harvest
equipment, and fuel consumptions for the three
management intensities for the two regions.
5. Harvesting cycles averaged 27 and 45 years for the SE
and PNW regions, respectively.
6. Land use impacts, including biodiversity, were not
incorporated into the present study. The forests were
considered to be replanted as forests and eventually
returned to their previous state.
7. Forest carbon increases and decreases were not tracked
but considered that the harvested trees were being
sustainably managed through the ASTM standards
D7612-10 and D7480-08 (ASTM International 2010,
2014b).
8. Temporal dimensions of greenhouse gas (GHG)
emissions were not included because the study focused
on the cradle-to-gate production, which occurs within a
relatively short time frame, versus cradle-to-grave
production, where long-term GHG emissions and
carbon sinks have a greater inﬂuence on the global
warming (GW) impact category (Bergman 2012).
9. All ﬂow analyses of wood and bark in the process were
determined on an ovendry weight basis using a
weighted production density of 543 and 563 kg/m3 for
the PNW and the SE, respectively.
10. The water consumption for two SE plants were
combined with dry veneer production. Veneer production consumed 285 liters/m3 LVL, with the rest, 2 liters/
m3, allocated to SE LVL production (Kaestner 2015,
Puettmann et al. 2016a).
11. Biogenic CO2 emissions were tracked and reported, but
the TRACI 2.1 impact method (Bare 2011) does not
count the contribution of wood-derived CO2 emissions
from burning wood fuel in the boiler toward the GW
impact estimate.
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Table 1.—Gate-to-gate material flow analysis of 1 m3 of
laminated veneer lumber (LVL) manufacturing in the Southeast
(SE) and Pacific Northwest (PNW) regions.
Value
Unit

SE

PNW

1.00
43.99
6.31
5.56
0.00
0.00
16.00

1.00
52.74
0.00
3.41
2.94
5.88
0.00

2.43

1.74

254.25
358.08
22.68
0.00
0.00
0.00

0.00
584.95
17.75
3.19
0.25
1.57

Productsa
m3
kg
kg
kg
kg
kg
kg

Laminated veneer lumber
Sawdust, sold
Sawdust, wood fuel
Panel trim, sold
Lay-up scrap
Tested LVL, used
Other, not specified
Resources
Water, well, in ground

liters

Materials
Wood feedstock, produced dry veneera
Wood feedstock, purchased dry veneera
Phenol-formaldehyde resin
Sodium hydroxide
Catalyst
Melamine

kg
kg
kg
kg
kg
kg

Table 3.—Direct outputs resulting from production of 1 m3 of
laminated veneer lumber, gate to gate.a

Emissions to air
Acetaldehyde
Acrolein
Carbon monoxide
Formaldehyde
Hexane
Lead
Methanol
Nitrogen oxides
PM2.5
PM10
Particulates, unspecified
Phenol
Propionaldehyde
Sulfur dioxide
VOC

Unit

Southeast

Pacific Northwest

kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg

0.0028
0.0000
0.0460
0.0029
0.0000
0.0000
0.0620
0.0012
0.0890
0.0890
0.0860
0.0000
0.0038
0.0003
0.3337

0.0028
0.0000
0.0102
0.0045
0.0002
0.0000
0.1178
0.0130
0.0502
0.1004
0.1181
0.0000
0.0038
0.0000
0.4641

kg
kg

4.66
3.08

0.86
0.40

Solid waste
Waste to inert landfill
Waste to recycling
a

PM ¼ particulate matter; VOC ¼ volatile organic compounds.

Ancillary material
Hydraulic fluid
Greases
Motor oil
Waxes (sealant)
Paint
a

kg
kg
kg
liters
liters

0.0138
0.0017
0.0340
0.6195
0.1787

0.0138
0.0017
0.0340
0.3022
0.0029

to the LVL and the coproducts (i.e., sawdust) both by mass
and economic value in order to investigate the effect of
allocation method on the results.

Sensitivity analysis

Ovendry basis.

12. Carbon content for wood products is assumed to be 50
percent by mass of ovendried wood.
13. As mentioned previously, the regional LVL production
for year 2012 was not available; therefore, quantitative
regional representativeness was not provided.

A sensitivity analysis was performed to determine how
sensitive the results are to certain changes in parameters
(i.e., on-site natural gas and electricity consumption) at the
LVL plant. Analysis was completed in line with ISO 14040
standards (ISO 2006c). The effect of variation in the
consumption of natural gas and electricity on cumulative
primary energy consumption (CPEC) and GHG emissions
was investigated.

Impact category method

Critical review

The LCIA was performed using the TRACI 2.1 method
(Bare 2011). TRACI is a midpoint impact assessment
method developed by the US EPA speciﬁcally for the
United States. Five impact categories were examined,
including GW (kg CO2 eq), acidiﬁcation (kg SO2 eq),
eutrophication (kg N eq), ozone depletion (kg chloroﬂuorocarbons-11 eq), and photochemical smog (kg O3 eq).
These ﬁve impact categories are reported consistent with the
requirement of the wood products PCR (FPInnovations
2015). In this study, environmental burdens were assigned

An internal review of this cradle-to-gate LVL LCA study,
including the associated SimaPro model, was conducted by
Dr. Maureen Puettmann, WoodLife Environmental Consultants. The purpose of the internal review was to check for
errors and for conformance with the PCR prior to external
review.

Table 2.—Gate-to-gate weighted-average on-site energy inputs
to produce 1 m3 of laminated veneer lumber.

Table 4.—Weighted-average delivery distance (one way) by
mode for materials to laminated veneer lumber plant.

Energy
inputs
Electricity
Natural gas
Diesel
Propane
Gasoline
a

Southeast
Quantity
98.2
19.3
0.74
0.78
0.06

Unit
kWh
m3
liters
liters
liters

Pacific Northwest
a

CoVw (%)
55
53
69
10
244

Quantity
77.4
12.8
0.35
0.48
0

CoVw ¼ production-weighted coefﬁcient of variation.
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Results
The LCA analyses were performed based on the updated
LCI data where regional industry data for year 2012 LVL

Unit
kWh
m3
liters
liters
liters

Delivery distance (km)

CoVw (%)
61
11
37
52

Purchased dry veneer, by truck
Purchased dry veneer, by rail
Phenol-formaldehyde resin, by truck
Wood fuel, by truck
Log with bark to veneer production, by truck

Southeast

Pacific
Northwest

392
216
271
0.1
100

108
—
79
—
104
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Table 5.—Cumulative primary energy consumption per 1 m3 of cradle-to-gate laminated veneer lumber (LVL) (mass allocation).
Southeast
Fuel

%

Pacific Northwest

Forestry operations

Veneer production

LVL production

%

Forestry operations

Veneer production

LVL production

0.00Eþ00

3.58Eþ03

3.15Eþ01

52.5

0.00Eþ00

4.68Eþ03

2.50Eþ01

5.45Eþ01
7.25Eþ00
1.91Eþ02
2.41Eþ00

1.45Eþ03
1.06Eþ03
2.92Eþ02
4.34Eþ02

1.32Eþ03
7.49Eþ02
4.74Eþ02
3.06Eþ02

21.1
11.9
8.8
3.5

9.31Eþ00
4.95Eþ00
1.47Eþ02
1.69Eþ00

7.10Eþ02
6.77Eþ02
3.43Eþ02
2.07Eþ02

1.17Eþ03
3.81Eþ02
2.96Eþ02
1.09Eþ02

4.23E03
0.00Eþ00

9.09Eþ00
1.10E01

7.68Eþ00
8.03E02

1.8
0.4

3.65E03
0.00Eþ00

1.07Eþ02
2.20Eþ01

5.61Eþ01
1.14Eþ01

2.6

68.5

29.0

1.8

75.3

22.9

Renewable fuel use
Wood fuel
36.2
Nonrenewable fuel use
Natural gas
Coal
Crude oil
Uranium

28.4
18.2
9.6
7.4

Other renewable energy sources
Hydropower
Other
Total (%)

0.2
0.0
100

production in the United States were analyzed using the
weighted-average approach. Primary data were collected
through a survey questionnaire mailed to LVL plants in the
United States for year 2012, where LVL production in the
United States was about 1.31 million m3.

LCI analysis
Material inputs to develop gate-to-gate LVL LCIs for the
SE and PNW regions are provided in Table 1. To evaluate
data quality, a weighted-average mass balance of the LVL
plants was performed. The data consistency was high based
on the weighted production coefﬁcient of variation (CoVw)
values calculated for system inputs and outputs. For the ﬁnal
product, LVL, the data showed good consistency between
facilities, with a CoVw of 4.0 and 2.9 percent for the SE and
the PNW, respectively. In addition, the CoVw for total
feedstock was 6.5 percent (SE) and 4.1 percent (PNW).
Weighted-average energy inputs consumed on-site at the
LVL manufacturing sites in SE and PNW plants are
presented in Table 2. Electricity and natural gas were the

100

primary energy inputs, where natural gas was used to
generate heat. The production-weighted CoVw showed
large variation for both regions except for propane
consumption for the SE and natural gas consumption for
the PNW (10% and 11%, respectively). At SE plants,
gasoline consumption showed the largest variation.
Air emissions from the LVL plant were derived from the
surveyed mills along with pertinent emissions data categorized by the US EPA (2002). When available, surveyed air
emission data as primary data were selected over secondary
data (Table 3). Waste generated was incorporated in the
analysis as well.
Transport of materials to the LVL plant was accounted
for in the analysis. The weighted-average transport distance
for feedstock along with the resin to the LVL plants based
on the survey results is provided in Table 4.

Cumulative energy consumption
Table 5 presents the cradle-to-gate CPEC per 1 m3 of
LVL in the SE and PNW regions. The major energy source

Table 6.—Environmental performance of 1 m3 of laminated veneer lumber (LVL), cradle to gate, Southeast (mass allocation).
Unita

Total

Forestry operations

Veneer production

LVL production

kg CO2 eq
Kg SO2 eq
kg N eq
kg CFC-11 eq
kg O3 eq

3.39Eþ02
3.26Eþ00
1.22E01
1.69E07
3.56Eþ01

1.61Eþ01
2.17E01
4.27E02
1.46E09
6.07Eþ00

1.84Eþ02
1.76Eþ00
3.83E02
1.14E08
1.94Eþ01

1.40Eþ02
1.28Eþ00
4.11E02
1.56E07
1.00Eþ01

MJ
MJ
MJ
MJ

5.60Eþ03
7.43Eþ02
1.70Eþ01
3.61Eþ03

2.52Eþ02
2.41Eþ00
4.23E03
0.00Eþ00

2.80Eþ03
4.34Eþ02
9.20Eþ00
3.58Eþ03

2.55Eþ03
3.06Eþ02
7.76Eþ00
3.15Eþ01

MJ

9.98Eþ03

2.55Eþ02

6.83Eþ03

2.89Eþ03

kg
kg
liters

1.75Eþ00
8.84Eþ02
1.33Eþ03

0.00Eþ00
0.00Eþ00
5.94E02

1.72Eþ00
8.79Eþ02
9.01Eþ02

2.66E02
4.87Eþ00
4.26Eþ02

kg

2.17Eþ01

0.00Eþ00

1.48Eþ01

6.86Eþ00

Impact category
Global warming
Acidification
Eutrophication
Ozone depletion
Smog
Primary energy consumption
Nonrenewable fossil
Nonrenewable nuclear
Renewable (solar, wind, hydroelectric, and geothermal)
Renewable, biomass
Total primary energy consumption
Material resources consumption (nonfuel resources)
Nonrenewable materials
Renewable materials
Freshwater
Waste generated
Solid waste
a

CFC ¼ chloroﬂuorocarbons.
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Table 7.—Environmental performance of 1 m3 laminated veneer lumber (LVL), cradle to gate, Pacific Northwest (mass allocation).
Unita

Total

Forestry operations

Veneer production

LVL production

2.18Eþ02
2.29Eþ00
7.70E02
4.75E07
3.12Eþ01

1.08Eþ01
1.49E01
1.03E02
4.87E10
4.67Eþ00

1.16Eþ02
1.26Eþ00
3.78E02
8.67E09
1.98Eþ01

9.12Eþ01
8.75E01
2.89E02
4.66E07
6.74Eþ00

MJ
MJ
MJ
MJ

3.74Eþ03
3.18Eþ02
1.96Eþ02
4.71Eþ03

1.61Eþ02
1.69Eþ00
3.65E03
0.00Eþ00

1.73Eþ03
2.07Eþ02
1.29Eþ02
4.68Eþ03

1.85Eþ03
1.09Eþ02
6.75Eþ01
2.50Eþ01

MJ

8.97Eþ03

1.63Eþ02

6.75Eþ03

2.05Eþ03

kg
kg
L

5.11Eþ00
8.62Eþ02
1.22Eþ03

0.00Eþ00
0.00Eþ00
1.03Eþ01

5.11Eþ00
8.57Eþ02
8.76Eþ02

5.47E05
4.87Eþ00
3.36Eþ02

kg

9.15Eþ00

0.00Eþ00

8.02Eþ00

1.13E01

Impact category
Global warming
Acidification
Eutrophication
Ozone depletion
Smog

kg
kg
kg
kg
kg

CO2 eq
SO2 eq
Ne
CFC-11 eq
O3 eq

Primary energy consumption
Nonrenewable fossil
Nonrenewable nuclear
Renewable (solar, wind, hydroelectric, and geothermal)
Renewable, biomass
Total primary energy consumption
Material resource consumption (nonfuel resources)
Nonrenewable materials
Renewable materials
Freshwater
Waste generated
Solid waste
a

CFC ¼ chloroﬂuorocarbons.

used was wood fuel, about 36 and 53 percent for the SE and
the PNW, respectively, resulting primarily from veneer
production, which was used to generate thermal energy for
log conditioning and drying and pressing veneers. Thus, 99
percent of the biogenic CO2 was released during veneer
production (280 and 394 kg per 1 m3 of LVL were produced
in the SE and the PNW, respectively). For LVL production,
energy consumption was dominated by fossil fuels, that is,
natural gas and coal. Natural gas was used primarily for

thermal energy generation for hot pressing the LVL billets
and some for fueling thermal oxidizers for emission
controls. Coal consumption in the SE (18%) and PNW
(12%) resulted from coal-based electricity generation. Other
resources used for electricity generation included hydroelectric, wind, solar, and geothermal energy resources.
Forestry operations consumed relatively low energy, which
was exclusively fossil fuels: 2.6 and 1.8 percent of the
CPEC for the SE and PNW, respectively.

Figure 2.—Contribution of the life-cycle stages of laminated veneer lumber (LVL) production to the resulting environmental impact in
the Pacific Northwest (PNW) and Southeast (SE) regions of the United States (mass allocation).
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Table 8.—Carbon balance per 1 m3 of laminated veneer
lumber.
kg CO2 eq
Carbon source

Southeast

Pacific Northwest

Released forestry operations
Released manufacturing
CO2 equivalent stored in product

16.1
323
995

10.8
207
959

Life-cycle impact assessment
In this study, ﬁve midpoint impact categories were
investigated. Environmental performance results for ﬁve
impact categories along with energy consumption from
nonrenewables; renewables; wind, hydroelectric, solar,
geothermal, and nuclear fuels; renewable and nonrenewable
resource use; and solid waste generated are presented in
Tables 6 and 7 for the SE and the PNW, respectively. The
results showed that the total primary energy consumption in
the SE region for all three life-cycle stages is 9.98 GJ/m3,
where it was 8.97 GJ/m3 in the PNW region. In both the SE
and the PNW, the veneer production life-cycle stage
consumed the most primary energy at 6.83 GJ/m3 (68.5%)
and 6.75 GJ/m3 (75.3%), respectively.
The contribution of major substances to the overall
impact for the ﬁve impact categories considered are
provided in Figure 2. Considering the GW impact category
in terms of the contribution of life-cycle stages, the greatest
contributor at both regions was veneer production, above 52
percent, followed by LVL manufacturing. The veneer
production stage process dominates the impact at both
regions, with about more than 50 percent contribution, for

all impact categories except for ozone depletion and
eutrophication. Of the two, the ozone depletion category
stands out because it was dominated by the LVL stage. This
was due mainly to the resin consumption occurring at the
lay-up process. Electricity consumption followed by natural
gas use had notable contributions to GW at the LVL
manufacturing stage, where electricity has contributions of
42 and 45 percent to overall GW for the PNW and SE,
respectively. Overall, the contribution of forestry operations
to the resulting impacts was minor.
The approach for biogenic carbon accounting was
adopted from the Norwegian Solid Wood Product PCR
(Aasestad 2008) and the North American PCR (FPInnovations 2015) to ensure comparability and consistency. The
North American PCR approach was followed for GW
impact reporting; therefore, the default TRACI impact
assessment method was used. This default method does not
count the CO2 emissions released during the combustion of
woody biomass during production. Other emissions associated with wood combustion, such as fossil CO2, methane, or
nitrogen oxides, do contribute to and are included in the GW
impact category. Using this method, total (fossil and
biogenic) GHG emissions released were calculated as 323
and 207 kg for the SE and PNW, respectively, in the
production of 1 m3 of LVL (Table 8). That same 1 m3 of
LVL stores 995 and 959 kg CO2 eq for the SE and PNW,
respectively.

Scenario analysis
The inﬂuence of using the mass and value allocation on
the ﬁnal product, LVL, and its associated coproducts on the
impact assessment results were analyzed (Tables 9 and 10).
The cradle-to-gate impact assessment results for the

Table 9.—Environmental impact assessment results for mass and value allocation for the Southeast region.a
Impact category

Unit

Global warming

kg CO2 eq

Acidification

kg SO2 eq

Eutrophication

kg N eq

Ozone depletion

kg CFC-11 eq

Smog

kg O3 eq

a

Allocation method

Forestry operations (%)

Veneer production (%)

LVL production (%)

Mass allocation
Value allocation
Mass allocation
Value allocation
Mass allocation
Value allocation
Mass allocation
Value allocation
Mass allocation
Value allocation

4.7
4.6
6.6
6.5
35.0
34.5
0.9
0.8
17.1
17.1

54.1
50.0
54.1
49.9
31.3
28.1
6.7
1.6
54.7
51.2

41.2
45.4
39.3
43.5
33.7
37.4
92.4
97.6
28.2
31.8

LVL ¼ laminated veneer lumber; CFC ¼ chloroﬂuorocarbons.

Table 10.—Environmental impact assessment results for mass and value allocation for the Pacific Northwest region.a
Impact category

Unit

Global warming

kg CO2 eq

Acidification

kg SO2 eq

Eutrophication

kg N eq

Ozone depletion

kg CFC-11 eq

Smog

kg O3 eq

a

Allocation method

Forestry operations (%)

Veneer production (%)

LVL production (%)

Mass allocation
Value allocation
Mass allocation
Value allocation
Mass allocation
Value allocation
Mass allocation
Value allocation
Mass allocation
Value allocation

5.0
4.9
6.5
6.5
13.3
13.3
0.1
0.1
15.0
15.1

53.2
49.0
55.2
51.1
49.1
45.0
1.8
0.4
63.4
60.5

41.9
46.1
38.3
42.5
37.6
41.8
98.1
99.5
21.6
24.4

LVL ¼ laminated veneer lumber; CFC ¼ chloroﬂuorocarbons.
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categories taken into consideration showed only a slight
difference (1% to 2%) except for the ozone depletion impact
category (6% and 10% for the SE and PNW, respectively),
which is because of the increased contribution of the LVL
production stage. Value allocation resulted in a 12 to 13
percent increase in the impact resulting from the LVL stage
in all impact categories. This was owing to the environmental burdens shifted toward the production of LVL,
where the economic value of the coproducts was minor. The
difference in impact resulting from the veneer production
stage ranged between 6 and 9 percent in all impact
categories except ozone depletion. The ozone depletion
impact category of the veneer production stage was about
four times lower for value allocation compared with mass
allocation in both regions. However, because the impact
from ozone depletion was far higher for the LVL production
stage, the difference between value and mass allocation for
the overall ozone depletion impact was not major.
Regardless, most of the ozone depletion impact at the
veneer production stage was assigned to the wood boiler
used in veneer drying. The fuel used in the wood boiler was
a mixture of the coproducts coming from a downstream
process at plywood production. The lower ozone depletion
for economic allocation was a result of lower emissions
allocated to coproducts owing to their low economic value.
In addition, the difference in CPEC between the mass and
value allocation was not signiﬁcant at below 3 percent.

Comparison
To validate LCA studies, comparisons were performed.
This study compared the energy inputs from the current
2012 study with the earlier CORRIM Phase I study to show
how the CPEC for LVL was affected. The on-site, industryaverage energy inputs reported in 2012 were substantially
higher than for Phase I (Wilson and Dancer 2005;
Puettmann et al. 2010, 2013a, 2013b). In particular, for
the SE, electricity and natural gas consumption drove the
total impact from energy with changes of 41 and 76 percent,
respectively (Table 11). As expected from the higher CPEC
value found earlier, the on-site energy inputs were
substantially higher than for Phase I for the PNW as well
(Wilson and Dancer 2005; Puettmann et al. 2013a, 2013b).
In particular, electricity and natural gas consumption drove
the total impact from energy with changes of 30 and 234
percent, respectively (Table 12). Therefore, a sensitivity
analysis that investigated the energy inputs into LVL
production was completed to see their overall impact.
However, the apparent statistical differences between the
older and current studies could not be adequately addressed
because no statistical description of the data from the earlier
study was available. The earlier CORRIM study did not
Table 11.—Production weighted-average Southeast (SE) onsite energy inputs for manufacturing 1.0 m3 of laminated veneer
lumber.
Quantity
Energy inputs
Electricity
Natural gas
Diesel
Propane
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SE Phase I

SE 2012

Unit

% change

69.6
10.9
0.370
0.480

98.2
19.3
0.740
0.785

kWh
m3
liters
liters

41
76
100
63

Table 12.—Production weighted-average Pacific Northwest
(PNW) on-site energy inputs for manufacturing 1.0 m3 of
laminated veneer lumber.
Quantity
Energy inputs
Electricity
Natural gas
Diesel
Propane

PNW Phase I

PNW 2012

Unit

% change

59.5
3.83
0.169
0.250

77.4
12.8
0.351
0.477

kWh
m3
Liters
Liters

30
234
108
91

perform sensitivity analysis. However, there was sufﬁcient
reason to attempt to quantify the energy impacts associated
with LVL production.

Sensitivity analysis
A sensitivity analysis was performed in accordance with
the ISO 14040 standard to model the cradle-to-gate effects
of varying on-site natural gas consumption and electricity
consumption for LVL production. The effect of a 20 percent
variation in the consumption of natural gas and electricity at
the LVL plant on the CPEC and GW impact was
investigated. Sensitivity analysis revealed that neither
natural gas nor electrical consumption on-site had a
substantial effect on cradle-to-gate CPEC and GW impact.
This is due to fact that the dry veneer production had a
relatively large effect in comparison with the environmental
indicators associated with energy consumption, as shown in
Table 5.

Conclusions
Wood products typically consume more renewable than
nonrenewable energy sources, as shown by this present
study. This study conducted the cradle-to-gate LCIA for
LVL production for the SE and PNW regions of the United
States. The inventory analysis showed that woody biomass,
by far the largest renewable energy source, represented 36.2
and 52.5 percent of the CPEC for the SE and PNW,
respectively. This was strongly driven by the veneer
production, where wood boilers were used for thermal
energy generation, as they are for most wood product
production stages. Energy use in LVL production was
dominated by fossil fuels, primarily natural gas and coal,
because less woody biomass was available for thermal
energy and by resin production. Resin, although a small
portion of the ﬁnal product, had a far greater inﬂuence on
most impact categories on a mass basis than wood itself.
As expected, the two wood product production life-cycle
stages consumed the most energy when evaluated by a
cradle-to-gate analysis. LCIA results revealed that the
veneer production stage was the greatest contributor to
most impact categories investigated. However, the ozone
depletion category was dominated by the LVL stage due to
the resin used in LVL manufacturing. Electricity consumption, followed by natural gas use, has a notable contribution
to the GW category at the LVL manufacturing stage, where
electricity has contributions of 42 and 45 percent to overall
GW in the PNW and SE, respectively. The contribution of
forest operations to energy consumption and the resulting
environmental impact were minor relative to manufacturing
emissions (veneer and LVL).
BERGMAN AND ALANYA-ROSENBAUM

In this study, cradle-to-gate CPEC of LVL production for
the United States was substantially higher compared with
earlier CORRIM studies. Yet the authors can only speculate
regarding the apparent differences because of the lack of
statistical analysis of the data from other, earlier studies.
The scenario analysis conducted indicated that LVL
production itself was a minor contributor to the overall
process because veneer production largely outweighs LVL
production in terms of energy inputs. As for energy inputs
for LVL production itself, one possible explanation is the
higher use of emission control devices, including baghouses
and regenerative catalytic oxidizers (or thermal oxidizers)
becoming more prevalent because of increased regulatory
controls in the United States since the 2000s, when the
original survey data were collected. Because thermal
oxidizers are more commonly used today in the manufacturing of wood products to eliminate VOC emissions, it
would have a signiﬁcant effect on the results in other wood
product systems as well. In support of this conclusion, the
updated oriented strandboard study also reported increased
use of regenerative thermal oxidizers, which caused high
natural gas consumption (Puettmann et al. 2016b). Plywood
studies also reported installation of regenerative thermal
oxidizers and electrostatic precipitators at the surveyed mills
between 2000 and 2012 (Puettmann et al. 2016a). Therefore,
the resultant higher CPEC values for 2012 than for 2000
ought to be considered as an environmental trade-off to
lower emissions such as VOCs (or HAPs).
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Abstract
Transparency of environmental impacts for building products is of increasing concern. For wood building products,
updating life-cycle assessment (LCA) data are critical to ensure that the corresponding environmental product declarations
are of the proper recency to maintain this transparency. This study focused on the developing up-to-date life-cycle inventory
(LCI) and associated life-cycle impact assessment (LCIA) data for composite I-joist production in the Southeast (SE) and
Paciﬁc Northwest (PNW) regions of the United States. Components of the I-joist production system included in the analysis
were laminated veneer lumber (LVL), ﬁnger-jointed lumber (FJL), and oriented strandboard (OSB), while the study itself
considered ﬁve life-cycle stages, including forestry operations and I-joist manufacturing, in addition to the production of the
components. Primary 2012 production data were collected and analyzed, and the resultant LCI ﬂow and LCIA results were
modeled on a declared unit of 1 km. The cradle-to-gate primary energy consumption was 82.0 and 74.2 GJ/km for all ﬁve
life-cycle stages in the SE and PNW, respectively. The LVL stage had the highest share at 55 percent (SE) and 51 percent
(PNW), followed by OSB and I-joist, while the contribution of forestry operations was minor. The global warming (GW)
impact from gate-to-gate I-joist production in the SE, about 59 percent, was attributed to resin inputs and electricity
consumption. The main reasons for relatively high GW impacts for LVL and I-joist production were that little wood fuel was
available on-site to provide thermal energy for processing and the consumption of natural gas and electricity to aid in
emission control.

W

ith the increasing environmental concerns and
consumer preference of eco-friendly products, manufacturers are required to differentiate their products by improving
the environmental performance of their products and
services. Currently, it is common for manufacturers to
develop environmental product declarations (EPDs) to
address the environmental concerns associated with their
products by providing independently veriﬁed, comparable
and objective information (International Organization for
Standardization [ISO] 2006a, Bergman and Taylor 2011).
Environmental product declaration is a life-cycle assessment (LCA)–based report where developing wood product
life-cycle inventory (LCI) and constructing LCAs helps

provide valuable information for the development of EPDs
for wood products. In addition, developed LCAs can also be
incorporated into creating whole building LCAs for
environmental footprint software, such as the Athena Impact
Estimator for Buildings (Athena Sustainable Material
Institute 2016), or green building certiﬁcation systems, such
as LEED v4, Green Globes, and the ICC-700 National
Green Building Standard (Ritter et al. 2011).
A composite I-joist is a structural wood product that is
classiﬁed under engineered wood products in North
American Industry Classiﬁcation System (NAICS) Code
321213, ‘‘Engineered Wood Member (except Truss)
Manufacturing,’’ and is used in structural applications (US
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Census Bureau 2012, ASTM International 2014a). I-joists
have an I-shape form and are measured in linear feet in the
United States. A composite I-joist is composed of a web
made from structural wood panel and two ﬂanges. The web
structure used is commonly an oriented strandboard (OSB)
and sometimes plywood, while the ﬂanges are made from
solid-sawn or ﬁnger-jointed lumber (FJL) but more
commonly from laminated veneer lumber (LVL; US
Environmental Protection Agency [US EPA] 2002; Wilson
and Dancer 2004a, 2005a; Stark et al. 2010; ASTM
International 2014a). There are many different dimensions
of composite I-joists but the most common are dimensions
that directly replace 50.8 by 254-mm (2 by 10-in.) and 50.8
by 304.8-mm (2 by 12-in.) structural lumber.
This article presents the cradle-to-gate environmental
impacts associated with the production of composite I-joist
for the Southeast (SE) and Paciﬁc Northwest (PNW) regions
of the United States based on current manufacturing
practices. This study was performed as a part of the
Consortium on Research for Renewable Industrial Materials
(CORRIM) initiative to update LCIs for the major wood
products in the United States. Previous CORRIM research
has covered nine major forest products, including both
structural and nonstructural uses, and four major regions
(CORRIM 2005, 2010). This study updated the industryaverage composite I-joist production LCI data in the SE and
PNW regions of the United States originally developed by
Wilson and Dancer (2005a). In addition, LCAs were
performed using the updated I-joist LCI data sets.

Materials and Methods
The LCI data were generated based on 2012 primary data
collected through survey questionnaires ﬁlled out by I-joist
manufacturing plants in the SE and PNW regions of the
United States along with a site visit. The data were collected
in accordance with the CORRIM Research Guidelines for
developing LCIs, and the LCA performed was in conformance with the Product Category Rule (PCR) for North
American Structural and Architectural Wood Products and
ISO 14040 and 14044 standards (ISO 2006b, 2006c;
International Reference Life Cycle Data System 2010;
CORRIM 2014; FPInnovations 2015). The LCA was
performed by using SimaPro 8.2 software for system
modeling and by applying the TRACI 2.1 impact assessment method (Bare 2011, PRé Consultants 2016). Complete
details of this study for LCI development for I-joist
production and the CORRIM project can be found in
Bergman and Alanya-Rosenbaum (2017a, 2017b).

Goal and scope definition
The goal of the study was to update cradle-to-gate LCI of
I-joist manufacturing for the SE and PNW regions of the
United States. For this purpose, gate-to-gate LCI of I-joist
manufacturing was generated using up-to-date primary data
based on 2012 manufacturing. In addition, the cradle-to-gate
environmental impacts associated with I-joist production
were quantiﬁed through LCA using the developed LCI. The
two updated LCA data sets will be used to update the
current North American I-joist EPD (American Wood
Council–Canadian Wood Council 2013).
The scope of the present LCA study covered the cradleto-gate life-cycle stages of I-joist production, including
forest resource activities, OSB, LVL, and FJL production
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and production of the ﬁnal I-joist product ready for shipping
from the plant. Forest resources were evaluated as a standalone life-cycle stage, and thus its impact was captured
separately. Transportation of feedstock (i.e., OSB, LVL,
FJL, and resins) to the I-joist facility were taken into
consideration in the analysis.

Allocation procedure
In this study, allocation of the inputs and environmental
impacts associated with the system was necessary because
coproducts were generated during the I-joist manufacturing
in addition to the main product, I-joist. This article presents
the results based on mass allocation where primary energy
and environmental outputs were assigned to various
coproducts by mass. In addition to mass allocation,
economic allocation was performed, and results were
presented because product category rules suggest using
economic allocation for a multioutput process when the
difference in revenues is more than 10 percent, as it was for
this study (FPInnovations 2015). Use of economic allocation may help us understand and evaluate the environmental
impact of wood residue coproducts based on their economic
value rather than considering them a waste material.

Functional unit
A declared unit is used in instances where the function
and the reference scenario for the whole life cycle of a wood
building product cannot be stated (FPInnovations 2015). In
accordance with the PCR developed (FPInnovations 2015),
the declared unit for I-joist production was 1 km. All input
and output data were allocated to the declared unit of
product based on the mass of products and coproducts in
accordance with ISO 14044 (ISO 2006b). Use of a linear
measurement unit is consistent with industry practice in the
United States, where the production is measured in linear
feet. Linear measurements are used because it is difﬁcult to
quantify I-joist production in other forms, such as volume,
owing to its shape. The composite I-joists produced and
evaluated in this study conformed to ASTM Standard
D5055 (ASTM International 2016) and the APA—The
Engineered Wood Association (2015). As the analysis did
not take the declared unit to the stage of being an installed
building product, no service life was assigned.

System boundaries
The cradle-to-grave system boundaries of the I-joist
production system are presented in Figure 1. The system
boundary included forest resource management activities,
OSB, LVL, and FJL production, and I-joist production lifecycle stages. The transportation of OSB, LVL, and FJL and
resins to the I-joist facility was accounted for if production
occurred off-site because some facilities perform the FJL
and LVL production at the same site. Within the system
boundaries, the authors considered the transportation of raw
material, the impacts resulting from the supply and
generation of the off-site energy sources, and the consumption of ancillary material, such as motor oil, waxes, paint,
and hydraulic ﬂuid in the analysis.

System investigated
Cradle-to-gate LCI ﬂows for composite I-joist manufacturing were presented by ﬁve major life stages: forestry
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Figure 1.—Cradle-to-gate system boundary and process flow for production of I-joist.

operations, OSB production, FJL production, LVL production, and I-joist production.
Forestry operations.—The forest operations upstream
activities include the establishment, growth, and harvest of
trees. Forestry operations vary regionally but typically
include some combination of growing seedlings, regeneration, site preparation, planting (where applicable), thinning,
fertilization (where applicable), and ﬁnal harvest (Johnson
et al. 2005). Harvesting includes felling, skidding, processing, and loading for both commercial thinning and ﬁnal
harvest operations. The primary output product is a log used
as feedstock for softwood veneer or plywood, OSB, and
lumber production. The coproduct, nonmerchantable (logging) slash, is generally left at a landing. In this study, slash
disposal was not modeled, as it was assumed to decay in
situ. Forest operations modeled as inputs to production
processes were based on forest resource LCI data inputs
from the SE and PNW softwood forests (Johnson et al.
2005; Puettmann et al. 2013c, 2013d).
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Laminated veneer lumber.—LVL is used as feedstock for
composite I-joist manufacturing. Three main processes
occur at LVL production: lay-up, hot pressing, and
trimming and sawing. Dry veneers and resins are the
primary raw materials consumed for the production of LVL,
and their cradle-to-gate production is included in the LVL
production life stage. For detailed information on the
production of LVL, see Wilson and Dancer (2004b,
2005b) and Bergman and Alanya-Rosenbaum (2017c,
2017d, 2017e). One thing to note is that Bergman and
Alanya-Rosenbaum (2017c, 2017d, 2017e) broke out dry
veneer and LVL production into separate life-cycle stages to
aid in identifying environmental hot spots for only LVL
production, which is different from this study, where the
authors grouped together LVL and dry veneer production
and its associated impacts into a single life-cycle stage: LVL
production. Thus, the impacts shown here will be higher
than for LVL production because of the grouping than what
was shown in Bergman and Alanya-Rosenbaum (2017c,
2017d, 2017e). This was conducted for simplicity.
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OSB process.—Components for the composite I-joist
manufacturing include OSB. Chips and resins are the
primary raw materials consumed for the production of
OSB. The LCI data from Kline (2005) and Kaestner (2015)
were used for modeling the OSB manufacturing.
FJL production.—In FJL production, ﬁnger joints are
machined on both ends of softwood lumber with special
cutter heads. A structural resin, such as melamine-ureaformaldehyde, is applied, and the joints in successive boards
are coupled. The resin is cured with the joint under end
pressure and heat typically provided by a continuous radiofrequency curing system for this step.
MDI resin.—Methylene diphenyl diisocyanate (MDI)
resin is used in the production of I-joists. The LCI for the
production of MDI resin was based on a cradle-to-gate study
of plastic resins and polyurethane precursors completed by
Franklin Associates in 2010 (Franklin Associates 2011).
Franklin Associates collected primary data for MDI
production, including data on the following MDI precursors:
oleﬁns, benzene, chlorine–caustic soda, and nitric acid–
nitrobenzene–aniline.
PRF resin.—Phenol-resorcinol-formaldehyde (PRF) resin
is the primary resin used for both web-to-web joints and
web-to-ﬂange joints. PRF resins differ somewhat from the
other resins in that hardeners are required to help in curing
glue-laminated timbers and I-joists. The PRF LCI was
retrieved from Wilson, which was based on eight plants
surveyed in the United States that represented 63 percent of
total production for the year 2005 (Wilson 2009).
MUF resin.—Melamine-urea-formaldehyde (MUF) resin
production is essentially identical to the production of ureaformaldehyde resin (these resins are used for particleboard
and medium-density ﬁberboards) with the exception that
melamine, about 8 percent by weight on a neat resin basis, is
substituted for a portion of the urea input. The inputs to
produce 1 kg of neat MUF resin at 60 percent nonvolatile
solids content consist of three primary chemicals on a dry
basis of melamine at 0.081 kg, urea at 0.397 kg, and
methanol at 0.304 kg; much lesser amounts of formic acid,
ammonium sulfate, and sodium hydroxide; and 0.791 kg of
water. MUF resin production data were retrieved from
Wilson, based on the data collected from six plants in the
United States that represented 77 percent of total production
for the year 2005 (Wilson 2009). Based on CORRIM Phase
I glue-laminated surveys, 0.96 kg of MUF resin was used to
produce 1 m3 of FJL (Puettmann and Wilson 2005;
Puettmann et al. 2013a, 2013b). In this study, the MUF
consumption value in the FJL manufacturing process was
quantiﬁed as 1.235 kg/m3 based on primary mill data. The
resin was assumed to have a 65 percent solids content (Silva
et al. 2015).
I-joist manufacturing.—Three main unit processes exist
in I-joist manufacturing: routing and shaping of web and
ﬂanges, assembly of I-joists, and sawing and curing, with
energy generation as an auxiliary process (US EPA 2002;
Wilson and Dancer 2005a; Puettmann et al. 2013c, 2013d).
Routing and shaping of web and ﬂanges is the ﬁrst step. This
step requires machining of the OSB web pieces so that they
ﬁt together at the ends and tapering them on the top and
bottom edges so that they can be ﬁtted into the ﬂanges.
Flanges are made primarily from LVL along with some FJL.
The ﬂanges are routed their entire length to accept the
inserted tapered OSB web material. Dry sawdust is
generated as a coproduct. The resin application and pressing
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take place after the sizing of the I-joist web and ﬂanges.
Resin is applied in web-to-web and web-to-ﬂange joints
using MDI or PRF resin where assembly is done
mechanically. I-joists are sawn to the desired size and
allowed to cure. In some cases, the I-joist may be heated in a
radio-frequency oven to accelerate resin cure time. For
composite I-joist manufacturing details, see Wilson and
Dancer (2004a, 2005a).

Inventory approach
The gate-to-gate LCI generated for US I-joist production
was based on primary data collected from I-joist manufacturers for the year 2012. I-joist manufacturing LCI data from
collected primary data sources were linked to available
secondary LCI data. Data for the forestry operations and
feedstocks (components) used in I-joist manufacturing,
including OSB, FJL, and LVL, come from other CORRIM
reports. For FJL LCI, softwood lumber manufacturing data
developed by M. R. Milota (M. Puettmann, personal
communication, April 24, 2015) were used as feedstock to
produce the FJL. The data for OSB and LVL production
were from LCI data developed from updating LVL and OSB
manufacturing (Kaestner 2015; Bergman and Alanya-Rosenbaum 2017c, 2017d; Puettmann et al. 2016a, 2016b). In
addition, forestry operations (Johnson et al. 2005; Puettmann et al. 2013c, 2013d) and ﬁnished I-joist packaging
LCI data (Puettmann et al. 2013c, 2013d) were retrieved
from the literature to construct the cradle-to-gate I-joist
plant LCI. Secondary data, such as supply of electricity,
natural gas, chemicals, transport, and disposal, were from
peer-reviewed literature and the US LCI Database (National
Renewable Energy Laboratory [NREL] 2012). Material and
energy balances were performed from primary and secondary data to ensure data quality.

Cutoff rules
According to the PCR, if the mass–energy of a ﬂow is less
than 1 percent of the cumulative mass–energy of the model
ﬂow, it may be excluded, provided that its environmental
relevance is minor. This analysis included all energy and
mass ﬂows for the primary data collected.
In the primary surveys, manufacturers were asked to
report total hazardous air pollutants (HAPs) speciﬁc to their
wood products manufacturing process regardless of whether
they were less than the 1 percent cutoff. If applicable to the
wood product, HAPs were reported later in the LCI Data
section of Bergman and Alanya-Rosenbaum (2017a, 2017b)
and thus are not excluded from this LCI. Under Title III of
the Clean Air Act Amendments of 1990, the EPA has
designated HAPs that wood products facilities are required
to report as surrogates for all HAPs. These are methanol,
acetaldehyde, formaldehyde, propionaldehyde (propanal),
acrolein, and phenol. All HAPS were included in the LCI;
no cutoff rules apply.

Data quality requirements
The present study collected primary data from representative I-joist manufacturers in the United States for two
regions: the SE and the PNW. The primary mill data were
collected through a survey questionnaire developed to
address the production of I-joists. Then, with assistance
from the APA, the surveys were mailed to I-joist
manufacturing plants. The LCI data were generated based
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on the survey questionnaire ﬁlled out by I-joist manufacturing plants and follow-up calls to complement any missing
data along with site visits. A total of two I-joist mills from
seven manufacturing facilities completed the questionnaire
in the SE region, while three of six provided data in the
PNW region. The data represented the average technology
of these regions. Total US I-joist production for 2012 was
109 thousand km (358,900 thousand ft) (APA 2014). Three
US I-joist plants representing 30.7 percent of 2012 US
production (33.6 thousand km [110,346,627 ft]) in the PNW
region and two plants representing 27 percent of 2012 US
production (29.5 thousand km [96,799,180 ft]) in the SE
region participated in the study by providing primary data
for the PNW and SE regions. The surveyed plants provided
detailed annual production data on their facilities, including
on-site energy consumption; transportation data; electricity
and natural gas consumption; LVL, OSB, and FJL volumes;
and I-joist production. The components of LVL and FJL to
produce I-joists were produced in manufacturing facilities in
the regions of the United States, while for OSB, US
manufacturing of this material is only in the eastern United
States. Most I-joist production occurs in conjunction with
production of LVL and FJL in either the same engineered
wood facility or nearby. For the surveyed mills in this study,
all LVL production occurred at the same site as I-joist
production and most FJL production as well.
To ensure data of the highest quality, data control
measures were taken. Quantitative mass balances were
performed to verify data quality. First, mass balances at
individual facilities were conducted where the data were
found to be consistent for the surveyed mills. Second,
overall wood mass in and total wood mass out for both
regions were calculated, and the difference was less than 2
percent. A difference less than 10 percent is considered
good for wood product production. In addition, the primary
data obtained from the surveys were analyzed using the
weighted-average approach. The weighted coefﬁcient of
variation representing the variability in the collected process
data was calculated and presented. Additionally, a sensitivity analysis investigating the energy inputs into I-joist
production was performed to investigate the robustness of
the impact assessment results.

5.

6.

7.
8.

9.

10.

Assumptions and limitations
The data collection, analysis, and assumptions followed
the protocol deﬁned by CORRIM in ‘‘Research Guidelines
for Life-Cycle Inventories’’ (2014). To conform to ISO
14040 (ISO 2006b), additional considerations are listed
below:
1. All ﬂow analyses of wood and bark in the process were
determined on an ovendry weight basis using a
weighted-average green speciﬁc gravity of 0.55.
2. Although small in quantity relative to the wood mass,
impacts from the production of the resin system were
included in the analysis.
3. Because of the small consumption values for sodium
hydroxide, catalyst, and melamine components of the
resin system, no transportation data were provided or
incorporated into the analysis.
4. Data collected from the participating facilities were
analyzed using a weighted-average approach to develop
a ‘‘composite’’ I-joist production facility. Where
appropriate, missing data from facilities were not
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11.

12.
13.

14.
15.

included in the weight averages. Inconsistent data were
addressed by contacting facility personnel to solve the
discrepancy.
The authors did not collect 2012 primary regional forest
resource data but used secondary data from earlier LCA
studies to develop the cradle-to-gate analysis. It is
expected that forest resource data will be updated in the
near future. As mentioned previously, to develop new
EPDs, new underlying LCA data must be continually
generated per the North American wood product PCR
(FPInnovations 2015).
For regional forest harvesting, a single estimate of the
average volume harvested per unit area was developed
by weighting three combinations of management
intensity (low, medium, and high intensity) and site
productivity based on the relative percentage of the land
base they occupy. Puettmann et al. (2013c, 2013d) list
speciﬁc inputs, input assumptions, variations in harvest
equipment, and fuel consumptions for the three
management intensities for the two regions.
Harvesting cycles averaged 27 and 45 years for the SE
and PNW, respectively.
Land use impacts, including biodiversity and biotic
resource depletion, were not incorporated into the
present study. The forests were considered to be
replanted as forests and eventually returned to their
previous state through forest management sustainability
practices. Ecological impacts from harvesting forest
resources are best covered by forest sustainable
certiﬁcation programs; thus, their impacts affecting
plant and wildlife diversity, water quality, and other
similar factors were not considered.
Forest carbon increases and decreases were not
tracked, but the authors considered that the harvested
trees were being sustainably managed through the
ASTM standards D7612-10 and D7480-08 (ASTM
International 2010, 2014b). Additionally, sustainably
managed forests are virtually carbon neutral (Lippke et
al. 2011).
Temporal dimensions of greenhouse gas (GHG)
emissions were not included because the study focused
on the cradle-to-gate production, which occurs within a
relatively short time frame, versus cradle-to-grave
production, where long-term GHG emissions and
carbon sinks have a greater inﬂuence on the global
warming (GW) impact category (Bergman 2012).
OSB was not manufactured in the PNW. The OSB
manufacturing LCI data from Puettmann et al. (2016a;
personal communication, April 24, 2015) were used for
both the SE and PNW regions.
A mass balance was performed to verify data quality. A
difference less than 10 percent was considered good for
wood product manufacturing facilities.
Biogenic CO2 emissions were tracked and reported, but
the TRACI impact method does not count the
contribution of wood-derived CO2 emissions from
burning wood fuel in the boiler toward the GW impact
estimate (Bare 2011).
Carbon content for wood products is assumed to be 50
percent by mass of ovendried wood.
MUF resin was used as proxy for melamine-formaldehyde resin, which is used in the FJL production lifecycle stage.
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Impact category method
The life-cycle impact assessment (LCIA) was performed
using the TRACI 2 method (Bare 2011). Five impact
categories were examined, including global warming
potential (GWP [kg CO2 eq]), acidiﬁcation (kg SO2 eq),
eutrophication (kg N eq), ozone depletion (kg chloroﬂuorocarbons-11 eq), and photochemical smog (kg O3 eq). The
ﬁve impact categories evaluated in this study were in line
with the requirement of the wood products PCR (FPInnovations 2015).

Table 1.—Gate-to-gate material flow analysis of 1 km of I-joist
manufacturing in the Southeast (SE) and Pacific Northwest
(PNW) regions.
Values

I-joist
Sawdust, sold
Sawdust, wood fuel
Panel trim, sold
Rejects

Sensitivity analysis
Sensitivity analysis is commonly used in the LCA to
determine the effect of variations in assumptions, methods,
and data on the results of the analysis. It allows
identiﬁcation of sensitive parameters that require high
accuracy in order to improve the quality of the analysis.
In this study, a sensitivity analysis was performed by
investigating the impact of the variation of on-site energy
consumption (i.e., natural gas and electricity) at the I-joist
production life-cycle stage to the overall cradle-to-gate
output. Sensitivity analysis was completed per ISO 14040
and 14044 standards (ISO 2006b, 2006c).

Results
LCI analysis
Table 1 provides the detailed data on the material inputs
of the gate-to-gate I-joist production stage. Under materials,
wood feedstocks included OSB, LVL, and FJL. The
weighted production coefﬁcient of variation (CoVw) values
were calculated for system inputs and outputs to investigate
data consistency where the product (I-joist) data showed
high consistency between facilities, with a CoVw of 4.6 and
2.2 percent for the SE and PNW, respectively. The CoVw
for total feedstock input was 7.5 percent (SE) and 4.7
percent (PNW).
The CoVw values of the I-joist manufacturing site energy
inputs are presented in Table 2. Electricity and natural gas
were the primary energy inputs in both regions, where both
showed large variation. Although the input wood raw
material has a high energy potential, the feedstock energy of
the wood raw material was not included as an energy input
because this wood was not used as an energy source in the
system investigated. The feedstock energy in the wood
leaves the system still embodied in the product and
coproducts, as shown in Table 1.
Air emissions were derived from the data received from
the surveyed mills along with pertinent emissions data
categorized by the USEPA (2002). Most of the air emission
data were the on-site air emissions reported by the surveyed
I-joist manufacturers, while the acetone emissions were
augmented by a secondary data source (Table 3; US EPA
2002). The main emission sources were from hot presses.
Baghouses were the primary collectors of particulate matter
(PM), with all surveyed plants using the emission control
device (ECD; US EPA 2003a). To reduce volatile organic
compound (VOC) emissions from dryers, plants reported the
use of regenerative thermal oxidizers (RCOs), sometimes
referred to as regenerative thermal oxidizers (RTOs), and
wet scrubbers (US EPA 2003b). Thermal oxidizers are
typically fueled by natural gas. RCOs are designed to
destroy VOCs and other emissions, including PM and soot
(US EPA 2003c).
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Unit

SE

PNW

km
kg
kg
kg
kg

1.00
411
0.69
17.13
0.00

1.00
363
0.00
2.21
9.87

0.32

4.63

kg
kg
kg
kg

2,597
2,212
28.26
33.52

2,318
1,583
847.33
15.68

kg
kg

1.47
0.31
0.55
0.00

0.00
0.00
8.97
1.96

kg
kg
kg
kg

0.026
0.006
0.026
0.000

0.107
0.003
0.043
0.036

Productsa

Resources
Water, well, in ground
Materials
Wood feedstock, LVL, oven-dried
Wood feedstock, OSB, oven-dried
Wood feedstock, FJL, oven-dried
Phenol-resorcinol-formaldehyde resin
MDI (proxy for emulsion polymer
isocyanate)
Polyurethane polymer
Hardener
Catalyst
Ancillary material
Hydraulic fluid
Greases
Motor oil
Waxes (sealant)
a

Ovendry basis.

Based on mill surveys, the weighted-average one-way
haul distance for feedstock along with the components of
the resin system are provided in Table 4. The zero values
for LVL shipping distances in the PNW represent the LVL
produced concurrently at the I-joist production site. All
upstream transportation of inputs to LVL, FJL, and OSB
production were included in the respective LCI input
values.

Cumulative energy consumption
The cumulative primary energy consumption (CPEC) for
the cradle-to-gate production of SE and PNW I-joists is
provided in Tables 5 and 6, respectively. The LVL stage
was responsible for the majority of the primary energy
consumption with 55 and 51 percent for the SE and PNW,
respectively. This was due to high natural gas and wood fuel
consumption, where the wood and natural gas were used to
generate thermal energy for log conditioning and for drying
and pressing veneers at the LVL stage.
Total energy use at the I-joist production stage was
dominated by fossil fuels, where the greatest contributor
was natural gas followed by coal and crude oil. At the Ijoist life-cycle production stage, natural gas was used to
generate thermal energy for resin curing and emission
control (e.g., thermal oxidizers), and electricity was
consumed for sawing, trimming, resin curing (e.g., the
radio-frequency ovens), and emission control (e.g.,
RCOs).
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Table 2.—Gate-to-gate weighted-average on-site energy inputs to produce 1 km of I-joist.
Southeast

Pacific Northwest
a

Energy inputs

Quantity

Unit

CoVw (%)

Quantity

Unit

CoVw (%)

Electricity
Natural gas
Diesel
Propane
Gasoline

258
41
4.77
4.74
0.217

kWh
m3
liters
liters
liters

33
49
16
5.3
141

378
36.4
2.99
3.87
0.054

kWh
m3
liters
liters
liters

35
103
76
4.7
—

a

CoVw ¼ production-weighted coefﬁcient of variation.

Life-cycle impact assessment
In this study, ﬁve midpoint impact categories were
investigated. Environmental performance results for ﬁve
impact categories along with energy consumption from
nonrenewable fossil and nuclear fuels, renewables (wind,
hydroelectric, solar, geothermal), renewable and nonrenewable resource use, and solid waste generated are presented in
Tables 7 and 8 for the SE and PNW, regions, respectively.
Overall cradle-to-gate primary energy consumption was
82.0 and 74.2 GJ/km for all ﬁve life-cycle stages in the SE
and PNW, respectively. Solid waste generated through the
life cycle was dominated by the LVL stage followed by Ijoist and OSB production stages. Solid emissions include
ash generated at the wood boiler during veneer production
for LVL production, and primarily fuels and resins used.
In addition, the contribution of life-cycle stages to the
overall impact for eutrophication, acidiﬁcation, smog, and
GW impact categories are provided in Figure 2. The GW
impact category was dominated by LVL production, followed
by OSB and I-joist manufacturing stages; the major
contributors at the I-joist stage production were electricity
use in both regions (37% and 35% in SE and PNW,
respectively), followed by natural gas use (21%) in the SE
and transportation (34%) in the PNW. The contribution of the

Table 3.—Direct outputs reported from production of 1 km of Ijoist, gate to gate.a
Unit

Southeast

Pacific Northwest

kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg

0.0002
bdl
0.0552
0.0046
0.0398
0.0671
0.1027
0.1027
0.0943
bdl
0.0007
0.3694

0.0002
bdl
0.0297
0.0130
0.0309
0.0351
0.0000
0.0043
0.3521
bdl
0.0003
0.1819

kg
kg

0.00
6.38

3.73
2.45

Emissions to air
Acetone
Acrolein
Carbon monoxide
Formaldehyde
Methanol
Nitrous oxide
PM2.5b
PM10
Phenol
Propionaldehyde
Sulfur dioxide
VOC
Solid waste
Waste to inert landfill
Waste to recycling
a

bdl ¼ below detection limit; PM ¼ particulate matter, 2.5 and 10 lm; VOC
¼ volatile organic compounds.
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LVL production stage to GW was about 42 and 55 percent
for the SE and PNW, respectively. The I-joist production
stage had a notable contribution at two impact categories
investigated owing to PRF resin consumption: ozone
depletion and eutrophication. Forest operations had a minor
contribution to the overall impact in both regions.

Scenario analysis
In this study, both mass and economic allocations were
performed to investigate the inﬂuence of the allocation
method on the resulting impact. The contribution of ﬁve
life-cycle stages to the LCA results for mass and economic
allocation are provided in Tables 9 and 10 for the SE and
PNW, respectively. Applying economic allocation resulted
in increased impact of the I-joist production stage compared
with mass allocation because of the low value of the
coproducts generated at this stage. Overall, the change in
contribution of different life-cycle stages to various impact
categories was minor when economic allocation was used.

Comparison
The on-site, industry-average energy consumption at the
I-joist production plant was compared with a previous
CORRIM Phase I study that developed LCI for US I-joist
production based on 2000 data (Wilson and Dancer 2005a;
Puettmann et al. 2013c, 2013d). In particular, the natural gas
consumption reported in 2012 was substantially higher
compared with the Phase I study in both regions (Tables 11
and 12). In addition, diesel consumption in the SE and PNW
and propane consumption in the PNW, which were
relatively small inputs, showed a high variation. In
particular for the SE, natural gas consumption drove the
total impact from energy with a change of 587 percent
(Table 11). As expected from the higher CPEC value found

Table 4.—Weighted-average delivery distance (one-way) by
mode for materials to I-joist plant.a
Delivery distance (km)

OSB to I-joist plant, by truck
OSB to I-joist plant, by rail
LVL to I-joist plant
Finger-jointed lumber to I-joist plant
MDI and PRF resin to I-joist plant
a

Southeast

Pacific Northwest

175
0
112
230
89

1,604
333
0
40
161

OSB ¼ oriented strandboard; LVL ¼ laminated veneer lumber; MDI ¼
methylene diphenyl diisocyanate; PRF ¼ phenol-resorcinol-formaldehyde.
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Table 5.—Cumulative primary energy consumption per 1 km of cradle-to-gate I-joist in the Southeast region (mass allocation).a
Southeast
Fuel

%

Forestry operations

OSB production

FJL production

LVL production

I-joist production

35.0

0.00Eþ00

1.16Eþ04

2.08Eþ02

1.67Eþ04

1.92Eþ02

27.7
18.1
11.7
7.3

3.97Eþ02
5.77Eþ01
1.56Eþ03
1.94Eþ01

5.58Eþ03
4.03Eþ03
2.00Eþ03
1.66Eþ03

1.10Eþ01
3.01Eþ01
1.36Eþ01
1.23Eþ01

1.28Eþ04
8.33Eþ03
3.73Eþ03
3.42Eþ03

3.88Eþ03
2.41Eþ03
2.30Eþ03
8.44Eþ02

0.2
0.0

2.35E01
0.00Eþ00

3.21Eþ01
7.24E01

2.31E01
3.42E04

7.74Eþ01
8.80E01

1.92Eþ01
2.60Eþ00

2.04Eþ03
2.5

2.50Eþ04
30.4

2.75Eþ02
0.3

4.51Eþ04
55.0

9.64Eþ03
11.8

Renewable fuel use
Wood fuel
Nonrenewable fuel use
Natural gas
Coal
Crude oil
Uranium
Renewable energy sources
Hydropower
Other
Total
Total (%)
a

100

OSB ¼ oriented strandboard; FJL ¼ ﬁnger-jointed lumber; LVL ¼ laminated veneer lumber.

Table 6.—Cumulative primary energy consumption per 1 km of cradle-to-gate I-joist in the Pacific Northwest region (mass
allocation).a
Pacific Northwest
Fuel

%

Forestry operations

OSB production

FJL production

LVL production

I-joist production

44.6

0.00Eþ00

8.33Eþ03

4.46Eþ03

2.01Eþ04

1.94Eþ02

23.4
13.2
12.8
4.3

9.58Eþ01
5.16Eþ01
1.55Eþ03
1.77Eþ01

3.99Eþ03
2.89Eþ03
1.43Eþ03
1.19Eþ03

6.28Eþ02
4.00Eþ02
3.85Eþ02
1.27Eþ02

8.08Eþ03
4.51Eþ03
2.85Eþ03
1.35Eþ03

4.58Eþ03
1.95Eþ03
3.29Eþ03
4.99Eþ02

1.4
0.3

1.81E01
0.00Eþ00

2.29Eþ01
5.18E01

7.35Eþ00
3.40E03

6.96Eþ02
1.43Eþ02

2.80Eþ02
5.86Eþ01

1.71Eþ03
2.3

1.79Eþ04
24.1

6.00Eþ03
8.1

3.77Eþ04
50.9

1.09Eþ04
14.6

Renewable fuel use
Wood fuel
Nonrenewable fuel use
Natural gas
Coal
Crude oil
Uranium
Renewable energy sources
Hydropower
Other
Total
Total (%)
a

100

OSB ¼ oriented strandboard; FJL ¼ ﬁnger-jointed lumber; LVL ¼ laminated veneer lumber.

Table 7.—Environmental performance of 1 km of I-joist, cradle to gate, Southeast region (mass allocation).a
Impact category

Unit

Total

Forestry
operations

OSB
FJL
production production

2.72Eþ03
2.66Eþ01
1.22Eþ00
1.78E04
2.91Eþ02

1.29Eþ02
1.72Eþ00
3.14E01
1.10E08
4.87Eþ01

6.36Eþ02
6.26Eþ00
1.64E01
2.21E06
6.40Eþ01

LVL
production

I-joist
production

Impact category
Global warming
Acidification
Eutrophication
Ozone depletion
Smog

kg
kg
kg
kg
kg

Total primary energy consumption

MJ

8.20Eþ04

2.04Eþ03

2.50Eþ04

2.75Eþ02

4.51Eþ04

9.64Eþ03

MJ
MJ
MJ
MJ

4.72Eþ04
5.96Eþ03
1.33Eþ02
2.87Eþ04

2.02Eþ03
1.94Eþ01
2.35E01
0.00Eþ00

1.16Eþ04
1.66Eþ03
3.28Eþ01
1.16Eþ04

5.46Eþ01
1.23Eþ01
2.31E01
2.08Eþ02

2.49Eþ04
3.42Eþ03
7.82Eþ01
1.67Eþ04

8.58Eþ03
8.44Eþ02
2.18Eþ01
1.92Eþ02

kg
kg
liters

1.49Eþ01
4.07Eþ03
1.22Eþ04

0.00Eþ00
7.17Eþ02
4.22E01

6.18Eþ00
2.07Eþ01
1.40Eþ03

1.06E03
3.62Eþ01
3.23Eþ01

8.08Eþ00
327Eþ03
6.12Eþ03

6.16E01
1.99Eþ01
4.61Eþ03

kg

1.07Eþ02

0.00Eþ00

1.17Eþ01

1.89E04

8.89Eþ01

6.85Eþ00

Nonrenewable fossil
Nonrenewable nuclear
Renewable (solar, wind, hydroelectric, and geothermal)
Renewable, biomass

CO2 eq
SO2 eq
N eq
CFC-11 eq
O3 eq

3.82Eþ00
4.03E02
1.20E03
3.66E09
8.00E01

1.49Eþ03
1.40Eþ01
3.65E01
7.71E07
1.36Eþ02

4.57Eþ02
4.50Eþ00
3.78E01
1.75E04
4.14Eþ01

Material resources consumption (nonfuel resources)
Nonrenewable materials
Renewable materials
Freshwater
Waste generated
Solid waste
a

OSB ¼ oriented strandboard; FJL ¼ ﬁnger-jointed lumber; LVL ¼ laminated veneer lumber; CFC ¼ chloroﬂuorocarbons.
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Table 8.—Environmental performance of 1 km of I-joist, cradle to gate, Pacific Northwest region (mass allocation).a
Unit

Total

Forestry
operations

OSB
production

FJL
production

LVL
production

I-joist
production

2.10Eþ03
2.082Eþ01
7.91E01
8.65E05
2.77Eþ02

1.13Eþ02
1.54Eþ00
1.05E01
5.08E09
4.84Eþ01

4.55Eþ02
4.48Eþ00
1.17E01
1.58E06
4.58Eþ01

9.06Eþ01
9.77E01
3.23E02
1.15E07
1.69Eþ01

8.83Eþ02
9.12Eþ00
2.85E01
2.03E06
1.13Eþ02

5.57Eþ02
4.71Eþ00
2.51Eþ01
8.28E05
5.27Eþ01

Impact category
Global warming
Acidification
Eutrophication
Ozone depletion
Smog

kg
kg
kg
kg
kg

Total primary energy consumption
Nonrenewable fossil
Nonrenewable nuclear
Renewable (solar, wind, hydroelectric, and geothermal)
Renewable, biomass

CO2 eq
SO2 eq
N eq
CFC-11 eq
O3 eq

MJ

7.42Eþ04

1.71Eþ03

1.79Eþ04

6.00Eþ03

3.77Eþ04

1.09Eþ04

MJ
MJ
MJ
MJ

3.67Eþ04
3.18Eþ03
1.21Eþ03
3.31Eþ04

1.69Eþ03
1.77Eþ01
1.81E01
0.00Eþ00

8.31Eþ03
1.19Eþ03
2.35Eþ01
8.33Eþ03

1.41Eþ03
1.27Eþ02
7.35Eþ00
4.46Eþ03

1.54Eþ04
1.35Eþ03
8.38Eþ02
2.01Eþ04

9.83Eþ03
4.99Eþ02
3.39Eþ02
1.94Eþ02

kg
kg
liters

2.70Eþ01
3.92Eþ03
8.99Eþ03

0.00Eþ00
0.00Eþ00
9.83Eþ01

4.42Eþ00
1.37Eþ01
1.00Eþ03

2.24E02
8.70Eþ02
8.09Eþ02

2.19Eþ01
3.01Eþ03
5.17Eþ03

6.22E01
2.00Eþ01
1.90Eþ03

kg

5.42Eþ01

0.00Eþ00

8.40Eþ00

2.62E01

3.91Eþ01

6.73Eþ00

Material resources consumption (nonfuel resources)
Nonrenewable materials
Renewable materials
Freshwater
Waste generated
Solid waste
a

OSB ¼ oriented strandboard; FJL ¼ ﬁnger-jointed lumber; LVL ¼ laminated veneer lumber; CFC ¼ chloroﬂuorocarbons.

earlier, the on-site energy inputs were substantially higher
than for Phase I for the PNW as well (Wilson and Dancer
2005a; Puettmann et al. 2013c, 2013d). As for the PNW,
electricity, along with natural gas consumption, drove the
total impact from energy with changes of 37 and 7,820

percent, respectively (Table 12). Therefore, a sensitivity
analysis was conducted to investigate the energy inputs into
I-joist production to see their overall impact. However, the
apparent statistical differences between the older and
current studies could not be adequately addressed because

Figure 2.—Contribution of the life-cycle stages of I-joist production to the resulting environmental impact in the Pacific Northwest
(PNW) and Southeast (SE) regions of the United States (mass allocation). OSB ¼ oriented strandboard; FJL ¼ finger-jointed
lumber; LVL ¼ laminated veneer lumber.
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Table 9.—Environmental impact assessment results for mass and economic allocation for the Southeast region.a
Impact category

Unit

Forestry
operations (%)

OSB
production (%)

FJL
production (%)

LVL
production (%)

I-joist
production (%)

Mass allocation
Global warming
Acidification
Eutrophication
Ozone depletion
Smog

kg
kg
kg
kg
kg

CO2 eq
SO2 eq
N eq
CFC-11 eq
O3 eq

4.7
6.5
25.7
0.0
16.8

23.4
23.6
13.4
1.2
22.0

0.1
0.2
0.1
0.0
0.3

54.9
52.9
29.9
0.4
46.7

16.8
17.0
31.0
98.3
14.3

kg
kg
kg
kg
kg

CO2 eq
SO2 eq
N eq
CFC-11 eq
O3 eq

4.5
6.2
24.5
0.0
16.2

24.2
24.4
13.8
1.2
23.0

0.2
0.2
0.1
0.0
0.4

53.5
51.5
29.1
0.4
45.3

17.6
17.8
32.4
98.3
15.1

Economic allocation
Global warming
Acidification
Eutrophication
Ozone depletion
Smog
a

OSB ¼ oriented strandboard; FJL ¼ ﬁnger-jointed lumber; LVL ¼ laminated veneer lumber; CFC ¼ chloroﬂuorocarbons.

Table 10.—Environmental impact assessment results for mass and economic allocation for the Pacific Northwest region.a
Impact category

Unit

Forestry
operations (%)

OSB
production (%)

FJL
production (%)

LVL
production (%)

I-joist
production (%)

Mass allocation
Global warming
Acidification
Eutrophication
Ozone depletion
Smog

kg
kg
kg
kg
kg

CO2 eq
SO2 eq
N eq
CFC-11 eq
O3 eq

5.4
7.4
13.3
0.0
17.5

21.7
21.5
14.8
1.8
16.5

4.3
4.7
4.1
0.1
6.1

42.1
43.8
36.0
2.3
40.9

36.5
22.6
31.8
95.7
19.0

Economic allocation
Global warming
Acidification
Eutrophication
Ozone depletion
Smog

kg
kg
kg
kg
kg

CO2 eq
SO2 eq
N eq
CFC-11 eq
O3 eq

5.0
6.9
12.5
0.0
16.5

21.8
21.8
15.0
1.8
16.9

6.5
6.8
6.0
0.2
9.0

39.8
41.4
34.1
2.4
38.2

26.8
23.0
32.4
95.6
19.5

a

OSB ¼ oriented strandboard; FJL ¼ ﬁnger-jointed lumber; LVL ¼ laminated veneer lumber; CFC ¼ chloroﬂuorocarbons.

no statistical description of the data from the earlier study
was available. The earlier CORRIM study did not perform
sensitivity analysis. However, there was sufﬁcient reason to
attempt to quantify the energy impacts associated with Ijoist production.
The CO2 emissions released during the forest operations;
the manufacturing of the three components OSB, FJL, and
LV-L; and the ﬁnal product, I-joist, and carbon stored in the
product are provided in Table 13 minus the weight of the
resin. Based on carbon stage calculation, 1 km of I-joist
stores 7,285 and 7,255 kg CO2 eq1 for the SE and PNW,
respectively, where the carbon storage in the ﬁnal product
was about three times more than the carbon emissions that
occurred during its production. This result supported the
amount of carbon emission savings showed by Bergman and
et al. (2014) when replacing a steel I-joist with a comparable
composite wood I-joist along with the importance of carbon
being stored in wood (Lippke et al. 2010).

Table 11.—Production weighted-average Southeast region onsite energy inputs for manufacturing 1 km of I-joist.
Quantity
Energy inputs
Electricity
Natural gas
Diesel
Propane

4,415 ovendried (OD) kg of wood in I-joist 3 0.9 3 (0.5 kg carbon/
1.0 OD kg wood) 3 (44 kg CO2/kmole/12 kg carbon/kmole) ¼
7,285 kg CO2 eq. 4,397 OD kg of wood in I-joist 3 0.9 3 (0.5 kg
carbon/1.0 OD kg wood) 3 (44 kg CO2/kmole/12 kg carbon/kmole)
¼ 7,255 kg CO2 eq.
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Southeast
2012

Unit

% change

246
5.95
3.6
4.72

257.8
40.9
4.77
4.74

kWh
m3
liters
liters

5
587
33
0

Table 12.—Production weighted-average Pacific Northwest
region on-site energy inputs for manufacturing 1 km of I-joist.
Quantity

Energy inputs
1

Southeast
Phase I

Electricity
Natural gas
Diesel
Propane

Pacific
Northwest
Phase I

Pacific
Northwest
2012

Unit

% change

276
0.46
0.99
2.04

377.8
36.42
2.99
3.87

kWh
m3
liters
liters

37
7,820
202
90
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Table 13.—Carbon balance per kilometer of I-joist.
kg CO2 equivalent
Carbon source

Southeast

Pacific Northwest

Released forestry operations
Released manufacturing
CO2 eq stored in product

129
2,588
7,285

113
1,986
7,255

Sensitivity analysis
A sensitivity analysis was performed in accordance with
the ISO 14040 standard to model the cradle-to-gate effects
of varying on-site natural gas consumption and electricity
consumption during I-joist production. Neither natural gas
nor electrical consumption on-site had a substantial impact
on the overall process because on-site I-joist production
CPEC contributed only roughly 13 and 16 percent of the
energy impacts of cradle-to-gate I-joist production in the SE
and PNW, respectively.

Conclusions
This study presented the updated cradle-to-grave LCI and
LCIA data for composite I-joist manufacturing in the United
States. The cradle-to-gate LCA for I-joist includes the LCI
of (1) forest resources, (2) OSB production, (3) FJL
production, (4) LVL production, and (5) I-joist production.
The data generated relied on primary data collected in 2012
from manufacturers in the US SE and PNW regions that
were complemented with secondary data from peerreviewed literature and databases. The data were representative of the I-joist sizes and production volumes consistent
with trade association production data in the United States.
The amount and type of energy consumed in the
production process are major concerns and are typically
associated with the environmental performance of a product
or a service. The results of the study indicated that the
primary energy consumption at the I-joist life-cycle stage
does not have a major contribution to overall CPEC, where
the major contributor was the LVL production stage for both
regions followed by OSB production. The LVL stage, which
included the dry veneer stage, had a substantial role in the
overall energy consumption with a 55 and 51 percent
contribution to the total primary energy consumption in the
SE and PNW regions, respectively. As shown by Bergman
and Alanya-Rosenbaum (2017c, 2017d, 2017e), dry veneer
production consumed the most energy within LVL production. Energy consumption at I-joist life-cycle stage was
dependent mainly on fossil fuels. Additionally, the energy
source used in generating the electricity in these regions had
an important role on this because both electricity grids are
fossil fuel dominant. The results obtained from LCA
analysis revealed that the PRF resin consumption at I-joist
production was also responsible for high contribution of this
stage in ozone depletion and eutrophication in the SE and
PNW. For both regions, high fuel consumption resulting
from thermal energy required at the LVL stage was the main
reason for its high contribution to the GW impact category.
At the I-joist production stage, for the SE region, PRF resin
use and electricity together constitute about 55 percent, and
in the PNW region, electricity consumption along with
transportation constitute about 69 percent of the overall
GW, respectively. On the other hand, life-cycle energy
consumption and emissions from the forest resources were
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minor relative to other manufacturing life-cycle stages
(LVL, OSB, FJL, and I-joist).
Increased energy consumption for some wood products
has increased over the years although not necessarily from
production itself but from auxiliary activities, such as
emission control. In this study, cradle-to-gate CPEC of Ijoist production for the United States was substantially
higher compared with earlier CORRIM studies. Yet the
authors can only speculate on the obvious differences
because of the lack of statistical analysis of the data from
other, earlier studies. Anyway, the scenario analysis
conducted indicated that I-joist production itself was a
minor contributor to the overall process in terms of energy
inputs. As for energy inputs for I-joist production itself, one
possible reason is the greater use of ECDs, such as RCOs (or
thermal oxidizers), becoming more widespread because of
increased regulatory controls in the United States since the
2000s, when the original survey data were collected.
Because thermal oxidizers are now more widely used in
manufacturing of wood products to help destroy VOC
emissions, it would have a substantial effect on the results in
other wood product systems as well because they are
typically fueled by natural gas. In support of this conclusion,
the updated OSB study by Puettmann et al. (2016a) also
reported increased use of RTOs, which could cause high
natural gas consumption outside of energy consumed for
production itself. The PNW plywood study also reported
installation of RTOs and electrostatic precipitators at the
surveyed mills between 2000 and 2012 (Puettmann et al.
2016b). This is also consistent with LVL production
(Bergman and Alanya-Rosenbaum 2017c, 2017d, 2017e).
Therefore, the resultant higher CPEC values for 2012 than
for 2000 can be considered as an environmental trade-off to
reduce emissions such as VOCs (or HAPs).
Recommendations are made for future work on LCIA of
I-joist manufacturing in the United States. First, expand the
system boundaries by including the use and disposal phases
of the I-joist product. The cradle-to-grave analysis will
allow for a more comprehensive assessment of hot spots in
the whole product life cycle, including evaluating the
potential for cascade use of I-joists at end of life for either
further material utilization or energy production (Höglmeier
et al. 2015). Second, upload the I-joist production LCI data
into a publicly available LCI database, such as the Federal
LCA Commons (US Department of Agriculture, Agriculture
Research Service, National Agricultural Library 2010) or
the US LCI Database (NREL 2012).
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Abstract
This study was an update on the 2000 life-cycle inventory data on material and energy inputs associated with the
production of 1 m3 of glued-laminated (glulam) timbers produced in the Paciﬁc Northwest (PNW) and the Southeast (SE)
regions of the United States. This article looks at the cradle to gate for the entire glulam production processes, which include
forest harvest, lamstock production, and glulam beam production. Data collected from glulam beam manufacturers in 2013
allowed for the development of a life-cycle assessment utilizing the product category rules for North American Structural and
Architectural Wood Products so that the results from these analyses can be used for the development of environmental
product declarations of glulam beams produced in the United States. Comparing the results of this study with the life-cycle
assessment based on the 2000 survey data shows 30 percent reductions in global warming potential of glulam beams
produced in both the PNW and the SE and reductions in the use of energy derived from fossil fuels by 40 percent in the PNW
and SE. The overall net carbon sequestered in 1 m3 of PNW glulam is equivalent to 938 kg of CO2 and 1,038 kg of CO2 in the
SE. Utilizing techniques that reduced the use of electricity and minimizing the transportation distances of the raw materials
and resins to the mill could help to further reduce the carbon footprint of the glulam beam manufacturing process.

T

he environmental impacts of wood products manufactured in the United States is directly related to the
speciﬁc product under consideration, the exact process and
raw materials utilized to manufacture the product, and the
region of the country where the product is manufactured.
Data to back up claims of environmental impacts help
provide an approximate measure of emissions to the air,

water, or ground/soil. These types of data can then help to
verify if wood-based materials have less of an impact on the
environment relative to similar nonwood materials. Softwood glued-laminated timbers, also known as glulam
beams, manufactured in the Paciﬁc Northwest (PNW) and
Southeast (SE) regions of the United States, are one type of
wood-based product where data have been collected to help
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substantiate environmental performance. Both a previous
model inventorying the glulam production process from
gate (lumber and resin inputs) to gate (glulam wrapped for
shipment) (Puettmann and Wilson 2004, 2005) and a
subsequent model from cradle (seedling) to gate (wrapped
glulam) (Puettmann et al. 2013a, 2013b) utilized glulam
data collected in 2000. This report provides an updated
cradle-to-gate life-cycle inventory (LCI) for 2013 based on
the environmental impacts associated with producing 1 m3
of glulam wrapped and ready for shipment in both regions.

Background
Glulam is an engineered, stress-rated structural building
material that typically is made of two or more layers of
lumber (lamstock) that are glued together where the
laminations are oriented parallel to the length of the beam
or column. The lamstock is joined end-to-end, edge-to-edge,
and face-to-face so that the size of a glulam is limited only
by the capabilities of the manufacturing plant and/or the
transportation system. Glulam produced by APA—The
Engineered Wood Association members are certiﬁed with
an APA EWS trademark and are tested for compliance with
ANSI/AITC Standard A190.1-2012 (American Institute of
Timber Construction 1983) to verify quality in product
manufacturing.
Glulam markets have continued to grow as more
residential construction is adopting their use. In 2016,
606,452 m3 (257 million board feet) of glulam beams were
produced. This was a 2.2 percent increase over the 2015
production volume of 593,474 m3 (251.5 million board
feet) (J. Elling, personal communication, 2017). Glulam is
typically used in building systems as concealed or exposed
structural beams and columns in residential and commercial construction. Glulam comes in a variety of sizes with
its production based on a volume, typically board feet (1
board foot ¼ 0.0024 m3), and is sold by retailers on a linear
foot basis. Approximately 52 percent of the glulam
produced in the United States is used in the new
residential housing and the remodeling construction
segments, followed by nonresidential construction (37%)
and industrial end uses (11%) (APA 2014). Glulam can be
manufactured from any wood species as long as its
physical properties allow it to be properly glued together.
In the PNW region, glulam is typically made from
Douglas-ﬁr (Pseudotsuga menziesii), with the balance
coming from Alaska yellow cedar (Cupressus nootkatensis) and Port Orford cedar (Chamaecyparis lawsoniana).
In the SE region, glulam is typically manufactured from
southern pine species, including longleaf (Pinus palustris
Mill.), shortleaf (P. echinata Mill), loblolly (P. taeda L.),
and slash (P. elliottii Engelm.) pine.
Glulam manufacturing facilities are located primarily in
the PNW and the SE regions of the United States. The
locations of larger manufacturers are usually close to the
lamstock source so that most of the raw material inputs can
arrive by truck. The glulam industry produced 542,740 m3
(230 million board feet) of glulam in the United States in
2013 (the time of this study) (APA 2014). The volume of
glulam beams manufactured by the mills that participated in
the survey for this study was 373,012 m3 (158 million board
feet) or approximately 68.7 percent of total US production.
Manufacturers in the PNW produced 270,029 m3 (114.4
million board feet), or 49.7 percent of the total US output,
while manufacturers in the SE produced 102,983 m3 (43.6
FOREST PRODUCTS JOURNAL

Vol. 67, No. 5/6

million board feet), or 19.0 percent of total US production.
Most glulam plants have been in operation for 20 years or
more and typically utilize one of two laminating technologies: cold curing (CC) (where no added heat is used to cure
the resin) or radio-frequency (RF) curing. Emission control
devices are required at these facilities because toxic gases
are emitted to the air from the curing of the melamine and
formaldehyde resins. Besides typical air emissions from
energy use and equipment combustion, wood waste is
generally the main by-product of the glulam manufacturing
process.

Materials and Methods
The data and analyses used for this study complied with
the North American environmental product declaration
protocols (FPInnovations 2015). LCI data were collected
from glulam manufacturers and were used to conduct the
life-cycle impact assessment (LCIA) based on TRACI,
version 2.1 (Bare 2012). The LCIA data from this study can
provide the basis for the development of an independent
environmental product declaration. The treatment of
biogenic carbon complies with the product category rules
(PCRs) for North American Structural and Architectural
Wood Products (FPInnovations 2015).

Goal and scope of study
The goal of this study was to update the life-cycle
assessment (LCA) data for the production of glulam timbers
produced in the PNW and SE regions of the United States.
This study was designed to replicate the model used in the
previous glulam LCA study, which was based on 2000 data
(Puettmann and Wilson 2004, 2005). The two glulam LCA
studies conducted by Puettmann and Wilson looked at the
gate-to-gate life cycle of glulam beams, whereas this study
expanded the system boundary to include the LCI of the
lamstock, thereby creating a more comprehensive cradle-togate LCA assessment for glulam beams. The study followed
the protocols recommended within the ISO 14040 and
14044 standards for conducting LCAs (International Organization for Standardization [ISO] 2006a, 2006b).
The scope of this work includes the life-cycle analyses of
glulam from the PNW and SE regions of the United States
from cradle (seedling) to gate (packaged product ready for
shipment). Forest management and harvest data were taken
from previous work conducted by Puettmann et al. (2013a,
2013b). Lumber manufacturing data for the lamstock were
obtained from the recent LCI update of PNW and SE lumber
manufacturers (Milota 2015a, 2015b). The glulam manufacturing data were obtained by surveying manufacturers in
both regions and followed the Consortium for Research on
Renewable Industrial Materials (CORRIM) protocols for
performing an LCI of wood products (Puettmann et al.
2014).

System boundaries
When collecting data for an LCI, the system boundaries
are deﬁned, and the inputs and outputs into each system
process are shown by the material ﬂows within the
production system (Fig. 1). Inputs and outputs for the
different production stages (forest resources, lamstock
manufacturing, and glulam manufacturing) are measured
separately because each production stage is usually
performed by a different organization. The forest resources
369

Figure 1.—Cradle-to-gate life-cycle stages for glued-laminated (glulam) timber in the Pacific Northwest and Southeast.

system boundary is considered the extraction module (A1)
for the main raw material input (logs). This includes forest
regeneration and stand management operations. Seedlings
and the fertilizer and electricity required to grow them were
speciﬁed inputs to the system boundary. Excluded from the
extraction module are the maintenance and repair of
equipment and the building and maintenance of logging
roads, logging camps, and weigh stations. The transportation modules (A2) are the intermediary process between
material outputs from one phase to the inputs of the next.
The transportation of logs from the woods to the lumber mill
and lamstock from the lumber mill to the glulam
manufacturing facility are accounted for in the transportation module (A2) (Fig. 1). Lamstock and glulam manufacturing are considered production modules (A3) that include
all the lamstock (Milota 2015a, 2015b) and glulam
manufacturing processes. Some of the on-site energy
generation for the lamstock gets utilized in the lumber
drying process (Fig. 1). The glulam manufacturing process
370

was modeled using a single unallocated unit process. Energy
inputs for each individual process for glulam manufacturing
were not measured separately owing to technology constraints of the manufacturers. The glulam process ﬁnishes at
the packaging stage prior to shipment. Outputs to the entire
system boundary include 1 m3 of glulam wrapped and ready
to be shipped as well as the accompanying air and water
emissions, solid waste and coproducts, and waste generated
from all three modules. The coproducts are no longer
tracked once they leave the system boundary.
System processes.—Details for each of the main production stages provide information on how the data were
obtained for the LCI model while also helping to eliminate
uncertainties with the primary and secondary data utilized
within the model. The cradle-to-gate LCA of glulam
consisted of three main life-cycle stages: forest operations,
lumber and lamstock production, and glulam production.
Material and energy inputs through these stages were
allocated by mass so that results could be compared with the
BOWERS ET AL.

previous data. Economic allocation results are also presented because PCRs required an economic allocation approach
when a multiple-output process has differences in value of
more than 10 percent.

Forest resource operations
The forestry operations section of the LCI model includes
the growing of seedlings, site preparation, planting,
fertilization, and ﬁnal harvest, which varies for each region
(Johnson et al. 2005). Assumptions about management
activities were based on three levels of management
intensity (low, medium, and high) in the PNW and SE with
the total yield (log volume per hectare) being 501 m3 in the
PNW and 236 m3 in the SE (Puettmann et al. 2013a, 2013b).
These values were used to carry forward environmental
burdens of reforestation on a per-cubic-meter basis. Most of
the harvested volume comes from forest operations on
private lands where investment in timber is the precursor to
harvest. All raw materials (logs) taken from forests were
from plantations in these two regions. Natural forest stands
were not considered for this study. Harvested lands are
reforested for the next crop cycle with the sequence of
treatments from planting to harvest averaging 45 years in
the PNW and 27 years in the SE (US Department of
Agriculture Forest Service 2000; J. Mills, personal communication, 2001). Harvesting includes felling, skidding,
processing, and loading the logs obtained from both
commercial thinning and timber harvest operations. Inputs
to the forest resources management LCI include seeds, the
electricity used during greenhouse operations, the fertilizer
used during seedling production and forest stand growth,
and the fuel and lubricants needed to power and maintain
the equipment used for site preparation, fertilization, and
harvest operations. The primary output for this stage of the
analysis is a log destined for the sawmill. The slash
remaining (tips and limbs) was piled, and the fuel
consumption for that activity is part of the regeneration
stage (Oneil and Puettmann 2017). The fate of the slash
piles is outside the scope of this study. Primary transportation consists of hauling the logs from the woods to a
sawmill, and this transport is included in the LCI for the
primary manufacturing facility (A2) (Fig. 1). Forest
operations LCI data were derived from previous studies as
inputs into the lamstock manufacturing stages (Johnson et
al. 2005; Puettmann et al. 2013a, 2013b).

Lamstock manufacturing
After transportation from the forest, the logs are
unloaded, scaled to measure volume, and stored in log
decks on the sawmill site before being transported to the
sawmill. Water is sprayed on the logs to prevent them from
drying out and developing blue stain (Milota 2015a, 2015b).
Inputs typically include some combination of gasoline,
diesel, and electricity. The outputs from this process are logs
that have not been debarked. Forklifts and/or lift trucks
transport the sawlogs to the debarker to begin the lamstock
production process. Lamstock production is similar to
lumber production in both regions (Milota 2015a, 2015b).
It starts at the front end of the sawmill and includes
debarking the logs, sawing the logs into green lamstock,
chipping the residuals from the logs for use as coproducts
(fuel for an on-site boiler, etc.), sorting the green lamstock
into size and quality classes, and stacking the graded green
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lamstock for kiln drying. The lamstock is transported
unplaned (rough) either green (greater than 19% moisture
content) or kiln dried to the glulam production facility.
Inputs in this module include logs with their bark,
electricity, and potentially on-site power and steam
generation from a boiler. Outputs from this module include
green lamstock, green sawdust, green chips, bark, and green
fuel wood (Milota 2015a, 2015b).
Green lamstock must be kiln dried to a moisture content
of approximately 16 percent or less to minimize any
additional dimensional changes before it can be used to
manufacture glulam. Lamstock that exceeds the moisture
content limit is redried; otherwise, the different layers of the
glulam beam will not properly adhere to each other in the
ﬁnal glulam beam. Visual grading of the lamstock looks for
any apparent ﬂaws in the lamstock, while machine e-rated
lamstock is graded by both its stiffness and its visual
characteristics (American Institute of Timber Construction
1983, Western Wood Products Association 1994). This erated lamstock is typically required for the tension (bottom)
lamination of a glulam beam that will take on the highest
proportion of the bending stress when the beam is subjected
to a bending load.

Resins
Two resins were utilized in the laminating and ﬁnger
jointing of lamstock during the glulam beam layup and
curing process: phenol-resorcinol-formaldehyde (PRF) and
melamine-urea-formaldehyde (MUF). The life cycle of
resins includes the raw materials, manufacturing, and
transportation to the glulam facility. The PRF and the
MUF LCI data used in this study are based on the data
collected from resin manufacturers in 2005 (Wilson 2009).

Glulam manufacturing
Lamstock (either dried or green) is transported to the
glulam manufacturing plant. The actual glulam manufacturing process can begin once the lamstock has reached the
appropriate moisture content. In addition to the lamstock,
the PRF and MUF resins are the only other raw material
input at this stage. Glulam beams are typically manufactured in lengths that are longer than the length of the
lamstock lumber obtained from the sawmills. To produce
longer glulam beams, the ends of the lamstock are ﬁnger
jointed so that the lumber can be joined together end to end.
The glued ﬁnger joints are cured using RF curing. The RF
curing process cures and stabilizes the glue bond between
the pieces using a combination of pressure and heat.
Continuous RF curing systems are used for ﬁnger jointing
the lamstock into long lengths in both regions. This method
helps to quickly process the lamstock into the longer lengths
required for the glulam beams.
For face bonding, glulam production plants use both RF
drying and CC processes to cure the resin. During the face
bonding process, the ﬁnger-jointed lamstock is planed, and
resin is applied to the face of each lamstock using a glue
extruder. The lamstock is then assembled into the required
layup for the speciﬁc type of beam being produced and
placed in a form or press, and then pressure is applied using
either the RF or the CC process. Once the resin in the beam
has cured, it is removed from the presses, and all four sides
are sanded or planed to remove the adhesive that was
squeezed out during pressing. Each glulam beam is then
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individually wrapped for protection before shipping. Final
product density for PNW glulam, excluding resin, averages
546 kg/m3 at 13 percent moisture content while glulam in
the SE region averages 626 kg/m3 at 14 percent moisture
content. Survey respondents in the PNW indicated that both
RF (17%) and CC (83%) processes are used for glulam
production, whereas 100 percent of SE glulam production
utilized the RF process.

Declared unit

Table 1.—Unit process inputs and outputs as entered into
SimaPro for the production of 1 m3 of glued-laminated (glulam)
timber in the Pacific Northwest (PNW) and Southeast (SE).
Unit/m3
Glulam
m3
Glulam (kg)
kg
Coproducts (sawdust, shavings, trimmings) kg

Lamstock is defined as a special grade of wood used in
constructing laminated beams. In this study, lamstock was cut to
1.73 by 3.75 inches, 1.73 by 5.875 inches, 1.73 by 7.75 inches, 1.73
by 9.75 inches, and 1.73 by 11.75 inches.
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1
511
71.90

1
590
85.03

Materials/fuels
Electricity, at grid
Natural gas
Diesel
Liquefied petroleum
Gasoline
Wood waste combusted in boiler
Transport, total
Transport, truck
Transport, rail
Melamine-urea-formaldehyde resin
Phenol-resorcinol-formaldehyde resin
Sawn lumber, rough, kiln dried
Sawn lumber, rough, green
Wrapping material—packaging
Strapping—packaging
Spacers—packaging

Data quality

1

SE

Products

This study aligns itself with the PCR for ‘‘North
American Structural and Architectural Wood Products,’’
UN CPC 31, NAICS 321, developed by FPInnovations
(2015). A declared unit, as deﬁned within the PCR for
glulam timbers, is 1 m3 of ﬁnal product packaged for
shipment. A declared unit is utilized when the function and
reference scenario for the whole life cycle of a wood
building material cannot be stated (FPInnovations 2015).
Unit conversions for the US industry standard measure of 1
board foot ¼ 0.0024 m3. Inputs and outputs were allocated to
the declared unit of the product based on the mass of the
product and coproducts in accordance with ISO 14040 and
14044 standards (ISO 2006a, 2006b).

The forest management and harvesting LCI data used in
this study were derived from earlier studies of forest
operations in the PNW and SE (Johnson et al. 2005). The
data included a weighted average of various harvesting and
forest management methods based on the speciﬁc forest
type. The forestry systems for each region were weighted to
represent a common forestry system for cellulosic ﬁberboard production. Lamstock manufacturing data was
collected from sawmills in the PNW and SE (Milota
2015a, 2015b).
Primary glulam manufacturing data were collected from
glulam mills located in the PNW and SE. The mills
provided production data for 2013. Information gathered for
this study included all material inputs (lamstock, resins, and
packaging), water, electricity and fuel use (including
transportation), and emissions. Unit process inputs for the
glulam mills located in the PNW and the SE are listed in
Table 1. Qualtrics Online Survey Software, version 11
(Qualtrics Labs, Inc. 2014), was utilized to conduct the
survey online to reduce errors and streamline data input for
analysis. Two surveys were collected manually on-site to
help gather data and to allow for the veriﬁcation of the data.
Four mills from the PNW (49.75%) and two mills from the
SE (19%) volunteered to participate in the survey,
representing 68.75 percent of the total US glulam production in 2013. This total accounts for a majority of the
commercially available beams produced in the United States
(representative of an average product obtainable in the
marketplace).
Lumber inputs were provided in board feet (Milota
2015a, 2015b) and converted to actual volumes based on the
reported mix of dimension lumber brought in to each mill.
PNW and SE lumber was purchased as lamstock.1 The

PNW

kWh
71.26
0.0534
m3
liters
0.94
liters
2.48
liters
0.0858
kg
25.46
tkm 162.10
tkm 110.40
tkm
51.70
kg
1.47
kg
7.73
m3
1.16
m3
0
kg
4.19
kg
0.19
0

84.52
4.52
0
0
0
24.83
169.41
169.41
0
4.31
0
1.14
0
4.95
0.32
0

Emissions to air
Particulates: unspecified
Volatile organic compounds
2-Proponol
Ethanol
Acetaldehyde
Methanol
Phenol
Formaldehyde
Hazardous air pollutants

kg
kg
kg
kg
kg
kg
kg
kg
kg

0.0592
0.0522
0
0
0
0
0.6129
0.0241
0.3426

0
0.0433
0
0
0.0004
0.0345
0
0
0

weight of the wood input was determined by converting
board feet2 (nominal) to cubic feet (actual) and then
utilizing a species-speciﬁc gravity and volume at the
moisture content reported during production. An actual-tonominal ratio was then calculated based on the average
percentage of each size beam produced. The LCA results
will account for actual output volumes instead of nominal.
All data from the survey were weight averaged based on a
particular mill’s production in comparison to the total
survey production for the region that year. All conversion
units for forestry and forest products were taken from Briggs
(1994).

Assumptions
Procedures for data collection, analysis, and the formulation of assumptions followed guidelines as deﬁned in
‘‘CORRIM Guidelines for Performing Life Cycle Inventories on Wood Products’’ (Puettmann et al. 2014) and ISO
14044 standards (ISO 2006b).
1. All ﬂow analyses of wood through the system were
determined on an ovendry weight basis with a weighted
2

One board foot (BF) nominal ¼ 0.05 cubic feet (CF) actual; 1 CF
(actual) ¼ 19.02 BF (nominal).
BOWERS ET AL.

2.

3.
4.
5.

6.

7.

production density of 511 and 590 kg/m3 for the PNW
and the SE, respectively.
Assumptions were made for the extraction of the wood
resource based on the CORRIM forest resource model
(Johnson et al. 2005). Forest resource harvest and
operations data were based on averages for the region.
Similar technology and geographic regional data were
used for lamstock production, which was assumed to be
the same as dried rough lumber production.
Primary data regarding resin production were taken from
Wilson (2009). Impacts related to resin production are
included in the analyses.
Handling of biogenic carbon follows the PCRs for North
American Structural and Architectural Wood Products
(FPInnovations 2015) and is consistent with the Intergovernmental Panel for Climate Change inventory
reporting framework (IPCC 2006). Emissions related to
biogenic carbon are not a part of global warming
potential (GWP) in this study because impacts are
measured only from cradle to gate.
Mass balance calculations were implemented to follow
wood inputs and outputs within the glulam production
stage. This helped to validate quality and comparability
of the data.
Data available in the US Life Cycle Inventory database
were used when available.

Impact category method
To calculate various impact categories, SimaPro, version
8.0 (Pré Consultants 2015), was utilized for data input and
analyses. The TRACI 2.1, version 1.01, impact method
(Bare 2012) was used to quantify the environmental impacts
of forest operations, lamstock production, and glulam
manufacturing. Fuel consumption was calculated per
seedling and then multiplied by the number of planted
seedlings per unit area speciﬁed for management scenarios
in the PNW or SE (Johnson et al. 2005) to determine fuel
consumption rates per unit area. Total fuel consumption per
unit area was divided by the ﬁnal harvested volume per unit
area to establish the contribution of fuel consumption for
site preparation, seedlings, and planting per unit of
harvested volume. Heat released from equipment or
machinery used during forest operations was not measured
or reutilized and was released to the atmosphere. In
manufacturing facilities, some heat was captured and
reutilized at the facility.

Sensitivity analysis
A sensitivity analysis was completed per ISO 14040
standards utilizing SimaPro to show the effects of using
mass allocation methodologies to measure environmental
impacts versus economic allocation methodologies. Mass
allocation is presented for all primary energy and emissions
and was used for comparison with previous data (Puettmann
et al. 2013a, 2013b). The economic allocation method is
required by the most recent version of the North American
Forest Products Environmental Product Declaration standard (FPInnovations 2015). Table 2 provides the allocation
percentage for the PNW and SE by mass and economic
value. Lumber and glulam have more economic (market)
value than the coproducts manufactured during the sawmill
process. The economic allocation method will distribute the
environmental burdens from system processes to end
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Table 2.—Economic allocation versus mass allocation for USproduced glued-laminated (glulam) timber.
Pacific Northwest

Southeast

Mass
(%)

Economic
(%)

Mass
(%)

Economic
(%)

Glulam process
Glulam
Coproducts

88.00
12.00

100.00
0

87.00
13.00

100.00
0

Total

100.00

100.00

100.00

100.00

50.10
24.40
6.10
13.80
5.60

85.98
11.48
0.61
1.37
0.56

52.20
30.70
2.60
4.80
9.70

84.16
14.17
0.25
0.47
0.95

100.00

100.00

100.00

100.00

Lamstock process
Lamstock, rough green
Chips, green
Bark, green
Hog fuel, green
Sawdust, green
Total

products based on the proportion of their economic value
to each other (in US dollars).

Results
Product mass balance
The mass balance of inputs and outputs in the glulam
manufacturing process is presented in Table 3 for both the
PNW and the SE regions. The wood and resin used in the
production of 1 m3 of glulam during the manufacturing
process results in either glulam, shavings from planing the
glulam, trimmings from the ends of the glulam, or wood
waste or scrap. Unaccounted inputs are assumed to be
lumber at the facility from the previous year.
If the mass ﬂow of a particular input is less than 1 percent
of the cumulative mass of the model ﬂow, it may be
excluded, provided that its environmental relevance is
minor. Raw materials used in small quantities that make
up less than 1 percent of the product mass (excluding
packaging) were not included in the LCI. These included
sealer, epoxy, stain, and patching compound that were
utilized when needed.

Energy requirements
Nonrenewable energy use in the PNW region consisted
mainly of electricity generated from natural gas, with most
of the energy in the SE coming from coal. The majority of
the raw material energy consumption occurs during the
glulam production stage with only a small portion arising
from forestry operations. The lamstock production process
also uses a considerable amount of energy, but owing to
mass allocation, some of this energy is allocated to other
outputs (coproducts) during the lamstock production
process. Lamstock production generates most of its own
energy from burning wood waste in a boiler and relies less
on fossil fuel inputs. All energy used during primary
transportation is assigned either to the transport of logs to
the sawmill or to the transport of lamstock, resins, or
packaging to the glulam mill. A wood boiler was used
during lamstock and glulam production. The boiler
processes utilized data from the CORRIM model for wood
combusted at the boiler and for wood combusted from selfgenerated waste at the mill (Puettmann and Milota 2017).
Only self-generated waste was used at the glulam
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Table 3.—Mass balance of glued-laminated (glulam) timber manufacturing per 1 m3 in the Pacific Northwest (PNW) and Southeast
(SE).
PNW
Ovendry kg

SE
CoVw (%)a

Mass (%)

Inputs
Feedstocks
Lamstock
Unaccounted-for inputs (lumber)b

Ovendry kg

Mass (%)

CoVw (%)

620.00
53.66

91.45
7.91

43.88

3.12
1.19
4.31
677.97

0.46
0.18
0.64
100.00

3.18
1.21
4.39

Inputs

559.02
15.52

95.82
2.66

4.16

5.97
1.19
1.68
8.84
583.38

1.02
0.20
0.29
1.52
100.00

47.56
68.55
41.20
23.10

Additives
Phenol-resorcinol-formaldehyde resin
Melamine-urea-formaldehyde resin
Catalyst/fillers/extenders
Total additives
Total inputs

Outputs

Outputs

Products
Glulam

510.70

87.54

0.47

590.00

87.02

0.00

29.71
42.21
0.76

5.09
7.24
0.13

135.12
62.76
0.00

85.00

12.54

6.54

2.97

0.44

11.61

72.68
583.38

12.46
100.00

39.25

87.97
677.97

12.98
100.00

9.86

Coproducts
Shavings
Trimmings
Waste
Total coproducts
Total outputs
a
b

CoVw ¼ coefﬁcient of variation for the weighted average of inputs and outputs. PNW: four responses; SE: two responses.
Unaccounted-for inputs are assumed to be lumber on-site prior to the year of the survey.

manufacturing stage in the SE, while some purchased wood
fuel was utilized in the PNW.

Transportation
Lamstock for glulam production is transported by rail or
truck. The LCA incorporated an appropriate diesel tractortrailer and diesel locomotive LCI from the US Life Cycle
Inventory database (National Renewable Energy Laboratory
2012) based on transportation distances and the mass of logs
used at each mill location. Some of the glulam production
facilities were located next to or near lamstock facilities,
thus minimizing transportation distances. Other materials,
such as resins and packaging materials, are brought in by
truck in containers, or in some instances, resins are brought
in by liquid container trucks. Table 4 shows the average
one-way distances from the manufacturer to the glulam
facility. There was a very small percentage of lamstock
brought in by rail to the PNW from the SE for beams that
could eventually be treated for exterior use.

utilizes electricity purchased from the SERC Reliability
Corporation grid. The PNW grid utilizes the fuel mix shown
in Table 5. Coal, natural gas, and hydro-generated power are
the three largest contributors (82% combined) to the WECC
grid with about 30.2 percent of that being attributed to
renewable energy sources. Coal and nuclear are the two
largest contributors (77.1% combined) to the SERC grid
(Table 5) with less than 6 percent being attributed to
renewable energy sources.

LCI analysis
LCI is required per ISO 14040 guidelines when
completing an LCA. The LCI results for glulam are
presented by the three life-cycle stages: (1) forestry
operations, (2) lamstock production, and (3) glulam
production (Tables 6 and 7). The majority of fossil fuel
consumption for energy production occurs during glulam

Electricity use

Table 5.—Electricity grid mix for 2008 in the Pacific Northwest
and Southeast.a

The PNW utilizes electricity from the Western Electricity
Coordinating Council (WECC) grid, while the SE region

Grid generation mix

Table 4.—One-way delivery distances to glued-laminated
(glulam) timber facility (weighted average).
Delivery distance (km)
Material delivered to facility
Dry lamstock, truck
Dry lamstock, rail
Resin
Strapping
Wrapping material
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Pacific Northwest

Southeast

173
3,493
224
390
486

234
0
644
127
267

Natural gas
Hydro
Coal
Nuclear
Biomass
Wind
Petroleum
Other renewables
Total
a

WECC (%)

SERC (%)

29.4
22.3
30.3
9.9
1.3
3.4
0.2
3.2
100.0

16.0
4.4
51.3
25.8
1.8
,0.1
0.6
0.1
100.0

According to the National Renewable Energy Laboratory (2012). WECC
¼ Western Electricity Coordinating Council; SERC ¼ SERC Reliability
Corporation.
BOWERS ET AL.

Table 6.—Energy usage per 1 m3 of glued-laminated (glulam) timber in the Pacific Northwest (PNW) and Southeast (SE) (mass
allocation).
PNW
Fuel
Coal, in ground
Gas, natural, in ground
Oil, crude, in ground
Uranium oxide, in ore
Total nonrenewable
Wood waste
Renewables, other
Total %

SE

% mix Forestry (MJ/m3) Lamstock (MJ/m3) Glulam (MJ/m3) % mix Forestry (MJ/m3) Lamstock (MJ/m3) Glulam (MJ/m3)
9.8
11.2
11.9
2.6

2.06Eþ02
2.87Eþ02
1.92Eþ02
5.81Eþ01
7.43Eþ02
2.73Eþ03
2.69Eþ01

2.92Eþ02
2.75Eþ02
2.31Eþ02
7.56Eþ01
8.73Eþ02
4.81Eþ02
6.24Eþ01

14.9
7.3
9.1
5.3

62.7
1.7

6.94Eþ00
1.33Eþ01
1.87Eþ02
2.04Eþ00
2.10Eþ02
0.00Eþ00
3.70E01

63.3
0.2

8.89Eþ00
6.38Eþ01
2.13Eþ02
2.56Eþ00
2.88Eþ02
0.00Eþ00
3.20E01

3.89Eþ02
1.30Eþ02
2.09Eþ02
1.36Eþ02
8.64Eþ02
3.80Eþ03
4.85Eþ00

6.02Eþ02
2.96Eþ02
1.86Eþ02
2.15Eþ02
1.30Eþ03
4.47Eþ02
9.00Eþ00

100.0

4.1

68.3

27.6

100.0

4.3

69.5

26.2

Table 7.—Air and water emissions released per 1 m3 of glued-laminated (glulam) timber in the Pacific Northwest (PNW) and
Southeast (SE) (mass allocation).a
PNW (kg/m3)

SE (kg/m3)

Total

Forestry
operations

Lamstock
production

Glulam
production

Total

Forestry
operations

Lamstock
production

Glulam
production

0.024
0.001
0.003
269.66
111.42
0.493
0.363
0.002
0.024
0.302
0.278
0.020
0.850
0.035
0.125
0.029
0.020
0.018
0.031
0.539
0.000
0.530
0.035
0.027
0.351

0.000
0.000
0.000
0.011
14.50
0.000
0.132
0.000
0.000
0.000
0.021
0.000
0.263
0.009
0.000
0.000
0.000
0.008
0.001
0.000
0.000
0.010
0.015
0.000
0.007

0.024
0.001
0.002
228.78
43.83
0.419
0.109
0.001
0.002
0.001
0.123
0.020
0.332
0.010
0.061
0.025
0.019
0.005
0.012
0.000
0.000
0.249
0.004
0.013
0.267

0.000
0.000
0.000
40.87
53.09
0.074
0.122
0.001
0.022
0.302
0.133
0.000
0.255
0.017
0.064
0.003
0.001
0.005
0.017
0.539
0.000
0.271
0.016
0.014
0.077

0.008
0.001
0.003
276.69
140.84
0.500
0.359
0.006
0.011
0.365
0.320
0.075
0.953
0.032
0.064
0.061
0.081
0.019
0.059
0.001
0.000
0.760
0.037
0.017
1.028

0.000
0.000
0.001
0.014
16.74
0.000
0.149
0.004
0.000
0.000
0.038
0.000
0.299
0.010
0.000
0.000
0.000
0.009
0.002
0.000
0.000
0.038
0.017
0.000
0.009

0.007
0.001
0.002
238.72
50.22
0.431
0.112
0.001
0.010
0.001
0.105
0.045
0.387
0.011
0.054
0.058
0.080
0.005
0.023
0.001
0.000
0.278
0.005
0.013
0.950

0.000
0.000
0.000
37.96
73.88
0.069
0.097
0.001
0.001
0.365
0.177
0.030
0.267
0.011
0.010
0.003
0.001
0.005
0.034
0.000
0.000
0.444
0.015
0.004
0.068

0.002
0.043
3.601
0.033
0.002
0.003
0.001
0.001
0.000
1.224
0.002
3.406

0.000
0.003
0.614
0.006
0.000
0.000
0.000
0.001
0.000
0.000
0.000
0.802

0.001
0.012
1.484
0.013
0.000
0.001
0.000
0.000
0.000
1.151
0.000
0.742

0.001
0.028
1.503
0.013
0.002
0.001
0.001
0.000
0.000
0.073
0.002
1.862

0.002
0.020
3.375
0.030
0.000
0.002
0.000
0.017
0.001
0.774
0.001
3.570

0.000
0.004
0.851
0.008
0.000
0.001
0.000
0.016
0.000
0.000
0.000
1.103

0.001
0.006
1.043
0.010
0.000
0.001
0.000
0.001
0.000
0.719
0.000
0.630

0.001
0.010
1.481
0.013
0.000
0.001
0.000
0.000
0.001
0.054
0.001
1.837

Air emission
Acetaldehyde
Acrolein
Ammonia
Carbon dioxide, biogenic
Carbon dioxide, fossil
Carbon monoxide, biogenic
Carbon monoxide, fossil
Dinitrogen monoxide
Formaldehyde
HAP, total
Methane
Methanol
Nitrogen oxides
Nonmethane VOC
Particulates, ,10 lm
Particulates, ,2.5 lm
Particulates, .10 lm
Particulates, .2.5 and ,10 lm
Particulates, unspecified
Phenol
Propanal
Sulfur dioxide
Sulfur monoxide
Sulfur oxides
VOC
Water emission
Ammonia
BOD5
Chloride
COD
Formaldehyde
Oils, unspecified
Phenol
Phosphate
Solids, inorganic
Solved solids
Suspended solids, inorganic
Suspended solids, unspecified
a

HAP ¼ hazardous air pollutant; VOC ¼ volatile organic compounds; BOD ¼ biological oxygen demand; COD ¼ chemical oxygen demand.
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manufacturing (Table 6), followed by the production of
lamstock and only a very small portion allocated to forestry
operations. The highest energy use from fossil fuels in the
production of glulam was natural gas in the PNW and coal
in the SE (Table 6). Energy generated from wood waste
represented 62.7 and 63.3 percent of the primary energy mix
for the PNW and the SE, respectively, and was used for
lamstock drying and on-site energy production.
Table 7 lists the total cradle-to-gate air emissions (onsite) generated as a result of the production of 1 m3 of
glulam for both the PNW and the SE region. Glulam
manufacturing generates air emissions, such as CO2 from
the electricity used by equipment during the jointing,
bonding, planing, and ﬁnish and fabrication stages. Air
emissions, including hazardous air pollutants, are a result of
resin use during face bonding and curing and particulate
matter that are generated during resizing operations
(jointing, planing, and ﬁnishing). Emissions to the air from
formaldehyde and methanol use are required to be reported
by mills and are quantiﬁed by measuring acetaldehyde,
acrolein, formaldehyde, methanol, phenol, propionaldehyde
(or propanal), and other volatile organic compound outputs.
These are all noted as components of hazardous air
pollutants. The results in Table 7 have the inventory results
for air emission outputs released per cubic meter of glulam
produced in the PNW and SE regions. The table presents the
contribution from each of the three life-cycle stages.
Most of the water emissions generated from the glulam
life cycle were from upstream processes, such as fuel and
resin production. During glulam production, little water was
utilized, but most of the water use was attributed to steam
during additional kiln drying or steam for heat during RF
curing. Other water consumption was for cleaning and
general maintenance of equipment and other processes.

Water emissions attributed to the production of 1 m3 of
glulam in the PNW and SE are provided in Table 7.

Life-cycle impact assessment
The LCIA phase establishes links between the LCI results
and potential environmental impacts. This LCIA for glulam
calculated the impact indicators shown in Table 8. These
impact indicators provide general but quantiﬁable indications of potential environmental impacts. Energy consumption from nonrenewables, renewables (wind, hydro, solar),
and nuclear fuels, water use, and solid waste are shown in
Table 9. For GWP in the PNW, 48 percent of the CO2
equivalent emissions come from producing the glulam, with
39 percent being attributed to lamstock production and 13
percent being assigned to forestry operations. For GWP in
the SE, 52 percent of the CO2 equivalent emissions come
from producing glulam, with 35 percent being attributed to
lamstock production and 13 percent being assigned to
forestry operations. Values in Table 8 are the cumulative
impact of all upstream processes required for glulam
production, including those from forestry operations, lamstock production, resin used, and packaging production and
the transportation energy required to ship these materials to
the glulam production facility. Figures 2 and 3 provide a
contribution analyses to show the percentage that each lifecycle stage contributes to each of the environmental impact
categories.
There was also solid waste generated during the
production of glulam beams (Table 9). Most of the wood
waste was recycled or utilized as fuel for the wood boiler.
Glulam mills did not report any other solid waste being
generated from manufacturing processes. Solid waste
included ash produced within the boiler. Other waste
products generated are a result of upstream processes,
primarily from the production of the fuels and resins, used in

Table 8.—Categories for life-cycle impact assessment per 1 m3 of glued-laminated (glulam) timber output in the Pacific Northwest
(PNW) and Southeast (SE) (mass allocation).
PNW
Impact category
Global warming
Acidification
Eutrophication
Ozone depletion
Smog
a

Unit
kg
kg
kg
kg
kg

CO2 eq
SO2 eq
N eq
CFC-11 eqa
O3 eq

SE

Total

Forestry
operations

Lamstock
production

Glulam
production

119.12
1.203
0.046
1.33E08
24.39

15.19
0.209
0.015
6.94E10
6.55

47.26
0.507
0.017
1.21E09
9.44

56.67
0.487
0.014
1.14E08
8.40

Total

Forestry
operations

Lamstock
production

Glulam
production

151.45
1.508
0.086
6.67E09
27.69

19.73
0.266
0.052
1.78E09
7.46

53.24
0.579
0.020
1.41E09
13.24

78.48
0.663
0.014
3.48E09
6.99

CFC ¼ chloroﬂuorocarbon.

Table 9.—Energy consumption, water usage, and waste per 1 m3 of glued-laminated (glulam) timber output in the Pacific Northwest
(PNW) and Southeast (SE) (mass allocation).
PNW

Total primary energy
Nonrenewable fossil
Nonrenewable nuclear
Renewables, other
Renewable, biomass
Freshwater
Solid waste
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SE

Unit

Total

Forestry
operations

Lamstock
production

Glulam
production

Total

Forestry
operations

Lamstock
production

Glulam
production

MJ
MJ
MJ
MJ
MJ
liters
kg

5,130.88
1,689.76
135.73
88.08
3,217.31
459.25
8.67

210.04
207.63
2.04
0.37
—
14.17
0.23

3,504.67
684.77
58.07
26.36
2,735.46
378.68
3.84

1,416.17
797.36
75.62
61.35
481.85
66.40
4.60

6,708.57
2,096.85
353.87
9.50
4,248.35
557.20
17.01

288.76
285.88
2.56
0.32
—
—
0.30

4,664.88
727.28
136.27
3.21
3,798.12
452.49
6.45

1,754.93
1,083.69
215.04
5.97
450.23
104.71
10.26
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Figure 2.—Contribution analysis life-cycle impact assessment per 1 m3 of glued-laminated (glulam) timber production in the Pacific
Northwest (mass allocation).

lamstock and glulam production. In total, 8.67 and 17.01 kg
of solid waste was generated from cradle to gate during the
production of 1 m3 of glulam in the PNW and the SE,
respectively.

Carbon balance
The carbon balance for wood-based materials in the
cradle-to-gate glulam processes are shown in Table 10.
There are very few if any coproducts in the glulam

manufacturing process. The table provides a comparison
of the CO2 sequestered in the ﬁnal glulam at the gate
compared with the total CO2 emissions during the threestage life cycle. Inputs include rough-sawn dried lumber
(lumber manufacturing excluded). Outputs include products
and coproducts as reported on the survey. Emissions related
to wood combustion of purchased hog fuel are included for
the PNW. One mill in the PNW and two in the SE reported
boiler emissions. The CO2 uptake for wood and bark is
determined by multiplying the product process input dry

Figure 3.—Contribution analysis life-cycle impact assessment per 1 m3 of glued-laminated (glulam) timber production in the
Southeast (mass allocation).
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Table 10.—Carbon balance per 1 m3 softwood glued-laminated
(glulam) timber in the Pacific Northwest (PNW) and Southeast
(SE) (mass allocation).
PNW (kg CO2 eq)

SE (kg CO2 eq)

15.19
47.26
56.67
937.69

19.73
53.24
78.48
1,082.65

Released forestry operations
Released lumber manufacturing
Released glulam manufacturing
CO2 equivalent stored in product

Table 12.—Resin use and curing type comparisons of 2000 and
2013 input data per 1 m3 glued-laminated (glulam) timber in the
Pacific Northwest (PNW) and Southeast (SE) (mass allocation).
PNW
Resin and method of cure

weight of wood and associated bark in kilograms (tracked
separately) by 1.83 (assuming a 50% carbon content of
wood and bark), which gives the equivalent CO2 uptakes
based on the carbon content of wood and bark. This
calculation is presented below. The CO2 uptake is
determined on the volume of wood and bark (dry weight
basis) input to the product process:

 

44 g CO2 =kmole
0:5 kg C
3
12 g C=kmole
1:0 kg ovendry wood


kg ovendry wood
3
m3

Changes from previous data (2000 vs. 2013)
Table 11 shows the reduction in fuel use that contributes
to the large reduction in fossil fuel use. The large increase in
energy from renewable biomass led to the large reduction in
natural gas use because the boilers could be run with
residual biomass from the mills. Respondents reported an
increase in diesel and LPG use in the PNW, while in the SE,
respondents did not report diesel, gasoline, or LPG use or
did not track it. There was an increase in transportation in
the PNW, which also increased diesel use in that region.
Table 12 shows the change in resin use and methods from
the last report (2000 vs. 2013). Mills that responded to this
survey produced more glulam using CC techniques (83%)
since the last report (19%) in the PNW, while mills in the
SE reported using only RF curing (100%), which was an
increase from the last report (47%). This also translated to
an increase in resin needed for CC in the PNW versus a
reduction in resin use in the SE. This was another factor in
the reduction in electricity use in the PNW. CC glulam uses
less energy on-site, but RF curing has fewer environmental
impacts upstream because less resin is needed for face
bonding. Only MUF resin was reported being used in the SE
for both face bonding and ﬁnger jointing of the lamstock.
A comparison of the LCIA results obtained from the two
surveys (Puettmann et al. 2013a, 2013b) is shown in Table

Unit

Phenol-resorcinol-formaldehyde
resin
Melamine-urea-formaldehyde
resin
Cold cure
Radio frequency

kg

SE

2000

2013

2000

2013

5.17

7.73

7.96

0

kg
0.96 1.47 0.77
4.31
% used 19
83
53
0
% used 81
17
47
100

13. For the PNW region, the results show that there was a
29.9 percent reduction in GWP compared with the previous
report. There was also a reduction in eutrophication
(45.2%) but an increase in smog potential (þ20.0%) since
2000. In the SE, there were reductions in GWP (30.7%),
eutrophication (39.4%), and smog (7.4%) since 2000.
Ozone depletion could not be determined when compared
with the previous study, and the accounting method for
acidiﬁcation has changed since the previous report. For
fossil fuel and renewable biomass use, Table 13 shows
reductions in energy derived from fossil fuel use in both the
PNW and the SE but increases in the energy derived from
biomass (þ50.5% and þ92.0% in the PNW and the SE,
respectively). Freshwater usage also decreased in 2013, with
43.0 and 49.0 percent reductions being reported in the PNW
and the SE, respectively. There were very few if any
technology changes between the two studies, but changes in
energy use, supplier locations (distance to production
facilities), and the electricity grid compositions likely
contributed to some of the differences observed between
the two reports.

Economic allocation
Three life-cycle stages were used in the overall cradle-togate assessment of the glulam beam production process.
Their contribution to the different impact categories varies
depending on whether a mass or an economic allocation is
applied. Economic allocation of environmental burdens is
another methodology that attaches a certain percentage of
the air, water, or land emissions based on the average
market value of all end products or processes at the gate.
The only end products in this system process are the ﬁnished
glulam and the small amount of waste and scraps that are
used for hog fuel. Using the economic allocation method,
intrinsic value cannot be placed on the other coproducts, and
therefore 100 percent of the environmental burdens are

Table 11.—Fuel and transport comparisons 2000 and 2013 input data per 1 m3 glued-laminated (glulam) timber in the Pacific
Northwest (PNW) and Southeast (SE) (mass allocation).
PNW

SE

Fuels and transport

Unit

2000

2013

% change

2000

2013

% change

Electricity
Natural gas
Diesel
Liquefied petroleum gas
Gasoline
Transport

kWh
m3
liters
liters
liters
tkm

84.44
3.98
0.36
1.62
17.46
84.58

71.26
0.05
0.94
2.48
0.09
162.10

15.6
98.7
161.1
53.1
99.5
91.7

98.88
26.39
0.66
0.41
0.39
296.89

84.52
4.52
0
0
0
169.41

14.5
82.9
NAa
NA
NA
42.9

a

NA ¼ not available.
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Table 13.—Comparison of 2000 and 2013 life-cycle impact assessment data per 1 m3 glued-laminated (glulam) timber in the Pacific
Northwest (PNW) and Southeast (SE) (mass allocation).
Change from previous data
PNW
2000

2013

SE
% change

2000

2013

218.67
0.142
29.90

151.45
0.086
27.69

% change

Impact indicator
Global warming potential
Eutrophication
Smog

169.85
0.0839
20.33

119.12
0.046
24.39

29.87
45.17
19.97

30.74
39.44
7.39

Natural resource use
Total energy (MJ)
Fossil fuel (MJ)
Renewable biomass (MJ)
Freshwater (liters)

5,266.24
2,818.46
2,137.65
806.16

5,130.88
1,689.76
3,217.31
459.25

2.57
40.05
50.51
43.03

6,183.87
3,514.76
2,213.25
1,092.44

6,708.57
2,096.85
4,248.35
557.20

8.48
40.34
91.95
48.99

Table 14.—Sensitivity analysis of mass allocation versus economic allocation methods.
Pacific Northwest

Southeast

Impact indicator

Mass

Economic

% change

Mass

Economic

% change

Global warming
Acidification
Eutrophication
Ozone depletion
Smog

119.12
1.203
0.046
1.33E08
24.387

134.67
1.327
0.050
1.50E08
26.616

13.05
10.31
8.7
12.78
9.14

151.45
1.508
0.086
6.67E09
27.691

172.47
1.682
0.091
7.47E09
29.885

13.88
11.54
5.81
11.99
7.92

allocated to the ﬁnished 1 m3 of glulam. Table 14 shows
how the allocation of burdens differed from a mass
allocation methodology versus an economic allocation
methodology for both glulam beams and lamstock. The
forest operations process is identical using both allocation
methods because the only product of value coming from the
forest in this study is the harvested log. Table 14 shows how
the environmental impacts change as the glulam and
lamstock take more of the burdens based on their higher
market value.

Conclusions
Manufacturing of wood products shows an increased use
of renewable energy and a reduced reliance on nonrenewable fossil fuels when evaluating the entire cradle-to-gate
LCA of glulam beams. Emissions resulting from the forest
resources LCI are smaller relative to the manufacturing
emissions of lamstock or glulam beams. The glulam beam
manufacturing process generates some on-site emissions
during the end jointing and face bonding processes,
although most of the emissions are generated upstream
during electricity generation. Glulam beam production
represented a larger percentage of the entire system
emissions than did lamstock production and consequently
consumed the highest level of energy inputs. Most of the
energy consumed during the glulam beam production stage
in the PNW and SE regions was from the use of
nonrenewable fossil fuels (56% and 62%, respectively).
The total system process (forestry, lamstock, and glulam)
used 62.7 percent renewable biomass in the PNW and 63.3
percent in the SE. The total energy consumption represented
a larger use of renewable materials overall compared with
the previous glulam LCA study conducted in 2000.
FOREST PRODUCTS JOURNAL
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The TRACI impact method does not count the contribution of wood-derived CO2 emissions generated from
burning wood fuel in the boiler toward the global warming
impact estimate. Using the TRACI method, we estimated
that 119.12 kg CO2 eq was released during the production of
1 m3 of PNW glulam and 151.45 kg CO2 eq during the
production of 1 m3 of glulam in the SE. That same 1 m3 of
glulam produced in the PNW stores 937.69 kg CO2 eq,
while glulam produced in the SE stores 1,082.65 kg CO2 eq.
Some carbon is released as CO2 during all of the life-cycle
stages. In summary, the LCA analysis demonstrates that
glulam beams have a positive carbon balance (they
sequester carbon) from cradle to gate. This information
could be used to compare the environmental footprint of
wood-based products with reinforced concrete or steel in a
functional unit analyses. The next generation of construction
practices are implementing LCA to measure entire environmental impacts of buildings, and this requires information
that is provided in this study.
Recommendations for future LCA studies would be to
investigate the increase in the combustion of coproducts
(trimmings and shavings) for boiler fuel and estimate how
this trend might affect future environmental impacts. Mills
reported an increase in the use of the CC process for the face
bonding of glulam in the PNW, which directly relates to the
reduction in electricity use observed since the last report.
There was in increase in RF curing in the SE but also a large
increase in the use of renewable biomass for energy use
within the mill. Analyzing the impacts of CC techniques
versus those of RF curing could generate further data to
determine whether a reduced amount of resin use during RF
curing offsets the additional electricity it uses on-site. More
frequent data collection and surveying past participants will
help eliminate uncertainties in the data while attempting to
379

account for ﬂuctuations in the data from electricity grid and
fuel changes and shifts in product demand.
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Life-Cycle Assessment for Wood-Fired
Boilers Used in the Wood
Products Industry*
Maureen E. Puettmann
Michael Milota

Abstract
Many wood production facilities use wood-based fuels for steam generation for drying wood or pressing boards or panels.
This process contributes to the life-cycle impacts of the products produced downstream. Past life-cycle assessment studies of
wood products have relied on wood boiler data sets that represent both the paper and the wood products industries as well as
on secondary data from the US Environmental Protection Agency primarily based on the potential to emit or collect from an
uncontrolled source. Primary data were collected by survey for the material and energy inputs and outputs of wood-ﬁred
boilers at lumber and plywood wood production facilities in the Paciﬁc Northwest and Southeast regions of the United States.
The results were averaged to create a life-cycle inventory model to represent wood-ﬁred boilers at wood production facilities.
Results indicated that regional differences, as well as type of wood waste burned, did not warrant separate boiler data sets for
each industry and region. The model is useful for including the effects of steam production in the life-cycle assessment of
wood products. The primary data used in the model should better represent wood-ﬁred boilers used in US wood production
facilities than existing data sets do.

M

ost wood products production facilities generate
residues, such as bark, chips, sawdust, hog fuel, trimmings,
shavings, mill rejects, and sander dust. These can be green
(typically around 50% moisture content [MC], wet basis) or
dry, depending on the stage of production. Residues with a
higher commercial value are sold as chips for pulp, bark for
landscaping, or sawdust for animal bedding or in a variety of
forms to wood composite producers for products such as
particleboard and ﬁberboard; however, wood residue is also
used extensively in wood production processes as energy to
produce steam or to directly heat processes, such as dryers.
Steam is used to heat presses for panel products, heating and
humidiﬁcation of dryers, power turbines in some cases, and
other operations (Milota 2015a, 2015b; Puettmann et al.
2016a, 2016b).
Within the solid lumber industry, approximately 44
billion kg (bone-dry mass) of mill residues are produced

annually, 23 percent (10 billion kg) of which is combusted
on-site (Bergman and Bowe 2008, 2010; Milota 2015a,
2015b). The largest percentage (36%) of use occurs at
hardwood lumber facilities in the Northeast/North Central
regions of the United States (Bergman and Bowe 2008). In
2012, US softwood lumber producers in the Paciﬁc
Northwest (PNW) and the Southeast (SE) used 2.4 and 2.1
billion kg of residues for energy, representing 24 and 20
percent of their total mill residues, respectively (Milota
2015a, 2015b). The US softwood plywood industry, located
mainly in the PNW and SE, generates 3.2 billion kg of
residues annually, based on 2012 data (Kaestner 2015); of
that quantity, 35 percent (1.1 billion kg) was used to
produce thermal energy for log conditioning, veneer drying,
and panel pressing (Puettmann et al. 2016a, 2016c).
Over the past 20 years, primary data on primary wood
product production and associated coproducts have been
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collected and used in documenting the environmental
impact of these products. Coproducts can represent a
signiﬁcant portion (by mass) of the overall wood output.
Table 1 shows the type of wood residues produced and their
allocated use as a fuel source on-site. Producers of primary
wood products, such as lumber and plywood, utilize
coproducts for fuel more commonly than do manufacturers
of secondary wood products, such as glued-laminated
timber (glulam), laminated veneer lumber (LVL), and
particleboard (Table 1).

Fuel Switching Impacts
Economics can have a signiﬁcant impact on the use of
these coproducts. For example, wood heating is less
common in the production of secondary products, such as
LVL and glulam (Bergman and Alanya-Rosenbaum 2016a,
2016b, 2016c, 2016d; Bowers et al. 2016a, 2016b), because
secondary wood products facilities cannot generate enough
wood waste to justify the expense of a wood-ﬁred wood
boiler. Therefore, these facilities are more likely to use
natural gas and electricity for any drying or pressing that
may be required (Table 2).

The environmental effects of wood combustion versus
natural gas on carbon emissions are signiﬁcant in life-cycle
assessment (LCA). Global warming potential (GWP; fossil
carbon, kilograms of CO2 equivalent) is signiﬁcantly lower
when wood fuel is used instead of natural gas (Puettmann
and Lippke 2010). Past work investigating fuel substitutions
in lumber mills showed that the carbon impacts of fuel
substitution are signiﬁcant. One scenario using a base case
in which 46 percent wood waste and 54 percent natural gas
as boiler inputs were substituted for 100 percent natural gas
resulted in a 58 percent increase in GWP (Puettmann and
Lippke 2010). Further substitution scenarios showed that a
combination of mill residues and wood pellets decreased
GWP by 33 percent from the base scenario (46:54,
wood:natural gas). The greatest reduction was 47 percent,
which resulted from replacing natural gas (54%) with forest
residuals.

Data sources for LCA
The Consortium for Research on Renewable Industrial
Materials (CORRIM) has derived life-cycle inventory (LCI)
data for 12 major wood products produced in four regions of

Table 1.—Sources of woody fuels inputs to boilers based on previous Consortium for Research on Renewable Industrial Materials
studies.a

Wood product
Cellulosic fiberboard
Glulam

Hardboard/engineered wood siding and trim

Laminated strand lumber
Lumber, hardwood

Lumber, softwood

Medium-density fiberboard

Oriented strand board
Particleboard
Plywood, softwood

a

Fuel
Wood fuel
Wood fuel
Sawdust
Shavings
Trimmings
Wood fuel
Culled board
Baghouse Dust
Sander dust
Sawdust
Wood fuel
Wood fuel
Sawmill residue
Planer residue
Wood fuel
Sawmill sawdust
Sawmill hog fuel
Sawmill chips
Planer shavings
Hog fuel
Sander dust
Wood fuel
Wood fuel
Hog fuel
Hog fuel
Sander dust
Wood fuel
Bark from debarker
Debarker wood waste
Veneer clippings
Veneer downfall
Lap-up scrap from press
Panel trim
Sawdust
Wood fuel

% of
total residues
used as fuel
96
4
97

3
23
17
9
3
48
100
66
20
14
26
45
2
14
13
20
15
65
92
8
93
7
51
5
7
1
1
18
1
17

Reference
Bergman (2015b)
Bowers et al. (2016a, 2016b)

Bergman (2015a)

Puettmann and Oneil (2015)
Bergman and Bowe (2008)

Milota (2015a, 2015b)

Wilson (2010a)

Kaestner (2015), Puettmann et al. (2016a)
Wilson (2010b)
Kaestner (2015), Puettmann et al. (2016a, 2016b)

Italics indicate that the fuel was purchased from off-site.
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Table 2.—Allocation of primary fuels used in the production of selected wood products industries.a
Nonrenewable (%)
b

Renewable (%)

Product/region

Fossil

Nuclear

Biomass

Other

Glulam/PNW
Glulam/SE
LVL/PNW
LVL/SE
LSL/US
I-joist/PNW
I-joist/SE
Cellulosic fiberboard
Hardboard
OSB

55
56
90
88
33
91
90
71
35
73

6
13
5
11
10
4
8
7
7
10

39
31
1
1
57
2
2
17
58
16

0
0
3
0
1
3
0
5
1
1

a
b

Reference
Bowers et al. (2016a)
Bowers et al. (2016b)
Bergman and Alanya-Rosenbaum
Bergman and Alanya-Rosenbaum
Puettmann and Oneil (2015)
Bergman and Alanya-Rosenbaum
Bergman and Alanya-Rosenbaum
Bergman (2015b)
Bergman (2015a)
Puettmann et al. (2016c)

(2016a)
(2016b)
(2016c)
(2016d)

Rows do not equal 100 owing to rounding.
PNW ¼ Paciﬁc Northwest; SE ¼ Southeast; LVL ¼ laminated veneer lumber; US ¼ United States; OSB ¼ oriented strandboard.

the United States. The LCI data cover forest regeneration to
the ﬁnal product at the mill gate, including structural and
nonstructural products. For the past 20 years, CORRIM has
relied on publicly available secondary data for environmental impacts related to wood combustion in boilers (US
Environmental Protection Agency [EPA] 2003, Franklin
Associates 2004, US Life Cycle Inventory [USLCI] 2008).
The latest database is available through the USLCI (2008)
(https://uslci.lcacommons.gov/uslci/search), and it is based
on both Franklin Associates (2004) and EPA (2003)
combined emission factors collected from the paper and
wood production industries. In addition, emission factors are
reported as the ‘‘potential to emit’’ and do not consider
reductions due to the emission control devices that are in
common use on boilers today, such as baghouses and
electrostatic precipitators (Milota 2015a, 2015b; Bergman
and Alanya-Rosenbaum 2016b; Puettmann et al. 2016a,
2016b, 2016c) (Table 3).

Goal of the Study
Primary data on the material and fuel inputs and energy
and emission outputs associated with the combustion of mill
residues in wood boilers are needed in order to accurately
assess their impacts. To enhance the quality of CORRIM’s
wood production data, selected wood products manufacturers were surveyed to collect primary wood boiler data from
softwood lumber and plywood facilities operating in the
PNW and SE regions of the United States. The goal of the
study was to create an LCI process that can represent the
impacts of using wood-ﬁred boilers to burn wood residues in
the LCA of wood products (excluding pulp and paper) in the

United States. The current work includes only wood-ﬁred
boilers producing steam, not direct-ﬁred equipment.

Methods
Data were collected by survey from 14 wood production
facilities in the PNW and SE regions for the calendar year
2012. The boiler data were collected within a more
comprehensive survey designed to survey the entire wood
production process; however, boiler data were collected
separately in cases where the general production surveys
produced limited or inconsistent data. The mills included
four facilities producing plywood and 10 producing lumber,
and they represented the range of mill sizes. Half of the
facilities were in the PNW region and the other half in the
SE region.

Survey
The surveys were done by mail or e-mail, and follow-up
questions were conducted by phone. The follow-up occurred
if a value was an outlier compared with other mills or a
response (such as water use) was blank when it should not
have been.
Survey respondents were asked to provide information on
the type of boiler used in the facility as well as when updates
were made and the type of pollution control equipment used.
The boiler survey requested information for all material
and energy inputs and outputs that occurred owing to the onsite energy generation. The material inputs included the
quantities of lubricants and oils for stationary equipment;
lubricants, oils, and antifreeze for rolling stock; solvents;
water; and water treatment chemicals. The energy inputs

Table 3.—Types of emission control device (ECD), as reported in primary surveys from selected industries, and where they are
used.a
Product

ECD

LVL/SE
Lumber
Plywood
OSB
Hardboard

Baghouse, RCO, RTO
Baghouse, ESP
RTO, ESP
RTO, ESP
Baghouses, RTO, wet scrubbers,
biofiltration systems

a

Process
Boilers, presses
Boilers, planning
Boilers, pressing, trimming
Boilers, hot presses, dryers refiners,
tempering ovens, humidification
kilns, sanding/finishing

Reference
Bergman and Alanya-Rosenbaum (2016b)
Milota (2015a, 2015b)
Puettmann et al. (2016a, 2016b)
Puettmann et al. (2016c)
Bergman (2015a)

LVL ¼ laminated veneer lumber; SE ¼ Southeast; RCO ¼ regenerative catalytic oxidizer; RTO ¼ regenerative thermal oxidizer; ESP ¼ electrostatic
precipitator; OSB ¼ oriented strandboard.
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included the types and quantities of fuel burned and all
transportation distances from off-site sources; the quantities
of natural gas, propane, or oil that might be used for startup; quantities and types of fuels for the machinery to handle
wood fuel; and electricity. The outputs included the amount
of steam produced and its pressure, air emissions, liquid
emissions, and solid emissions. Some lines in the survey
listed speciﬁc items that the authors expected mills to report
because without these items it would be impossible to
operate a boiler. There were also blank lines for input for
less common items, such as urea added to the boiler exhaust.

Functional unit
A functional unit expresses the function of studied
product in quantitative terms and serves as the basis for
all calculations. It also serves as a unit of comparison in
comparative studies. The functional unit for this study was
the process of combusting 1 kg of wood residue in a boiler.
The 1 kgresidue was expressed as bone dry. All input and
output data were allocated to the functional unit in
accordance with the International Organization for Standardization (2006). A wood input functional unit was used
instead of an energy output (steam produced) so that a
‘‘generic’’ boiler could be used over all wood boiler types
and efﬁciencies for any wood production facility. The
emission factors were based on the combustion of ovendry
wood, similar to the design of previous LCI processes for
wood combustion boilers (EPA 2003, Franklin Associates
2004, USLCI 2008).

materials included all other nonfuel inputs. These were
known with high accuracy from purchasing invoices. Ash
was an output if destined for agricultural use or an emission
if sent to a landﬁll. The quantities of ash were known with
high accuracy from truck weights leaving the facility.
Steam production reported at the boiler was conﬁrmed
either by what was reported in other surveys for use at the
dryers or presses or by an energy balance based on the
amount of water evaporated in other processes. This gave a
high level of conﬁdence in the values for steam output.
Another check was the wood required to produce a unit of
steam. This averaged 0.2 kgresidue/kgsteam and ranged from
0.12 to 0.33 kgresidue/kgsteam. This may seem like a wide
variation, but values for three of the four plywood mills
were very close to each other (0.13, 0.13, and 0.12 kgresidue/
kgsteam), while those for the lumber mills ranged from 0.19
to 0.33 kgresidue/kgsteam. Part of this variability can be
attributed to fuel MC. The fuel at plywood mills is drier than
that at lumber mills, and the fuel MC at lumber mills can
vary widely, depending on species and type of residue.
The CORRIM wood boiler is designed as a gate-to-gate
LCI process and can be used as an input in other LCI unit
processes that might require a wood boiler. The data were
modeled in SimaPro (8þ) LCA software for use with other
wood production LCI processes (Pré Consultants 2016). If
wood fuel inputs are derived from another LCI process and
carry the upstream impacts of the forest, log yard, and
breakdown, then a cradle-to-gate analysis can be performed.

Calculations rules
System boundary
The gate-to-gate system boundary for the CORRIM wood
boiler (Fig. 1) encompassed the boiler and associated
equipment, such as the deaeration tank, economizer,
superheater, water treatment, and emissions control, but
did not include the distribution system for the steam or the
condensate return system. The wood residue included hog
fuel, bark, or other wood residue (Table 1) and was
expressed on an ovendry basis. Most fuels come from other
processes in the mill that are closely monitored, so the fuel
inputs were known with high accuracy. Transportation was
an input if fuels were produced off-site and was a function
of the fuel’s green mass and transport distance expressed in
tonne-kilometer (tkm). Distances were accurately known,
and the quantity of purchased fuel was known with high
accuracy from measurements at the facility gate. Other
possible fuels included small amounts of natural gas or
propane for start-up and fuels for rolling stock. The input

Mills reported most values in English units (e.g., cubic
feet, pounds, gallons), and standard conversions were made
to SI units (e.g., cubic meters, kilograms, liters). Each
reported value was converted to a production-based value,
for example, from kilograms per year to kg/kgresidue, where
1 kgresidue is the functional unit. The production-based
values for each mill were then combined into a weighted
average for each input and output. Weighting was based on
the mills’ 2012 steam production so that the values from
mills with greater production received greater weight. These
values became the inputs and outputs for the CORRIM
wood boiler. If a value was not reported in a survey, plant
personnel were contacted to determine whether it was
unknown or zero. Zero values were averaged with the other
data. Missing or unknown data were not included in the
average, which was then based on the steam production of
the reporting mills. These input and output values
represented an average per kilogram of wood combusted.
Only averaged values were reported in order to maintain the
conﬁdentiality of the survey participants.
Residues were reported as either green tons or bone dry
tons. For the former, an MC was asked in the survey, and the
mass was adjusted to an ovendry basis. If an MC was not
provided, 50 percent wet basis MC was used for green
residues and 15 percent dry basis MC for dry residues (e.g.,
dry planer shavings). No conversions of wood volume to
mass were required.

Results and Discussion

Figure 1.—System boundary for the Consortium for Research on
Renewable Industrial Materials (CORRIM) wood boiler process.
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The reporting mills were of average technology. The
boiler ages ranged from 4 to 32 years, with most boilers at
the newer end of this range. Most sites reported updates to
the boiler within the past 5 years, although two had not been
PUETTMANN AND MILOTA

Table 4.—Weighted average production inputs and outputs for the Consortium for Research on Renewable Industrial Materials
(CORRIM) wood boiler life-cycle inventory process.a
Value
Inputs
Wood residue 1
Wood residue 2
Wood residue 3
Wood residue 4
Transport, combination truck, diesel powered/US
Diesel, combusted in industrial equipment/US
Gasoline, combusted in equipment/US
Liquefied petroleum gas, combusted in industrial boiler/US
Lubricants
Engine oil
Hydraulic oil
Antifreeze
Ethylene glycol, at plant
Solventsb
Water treatment
Boiler streamline treatment
Urea, as nitrogen, at regional storehouse
Disposal, ash, to unspecified landfill/kg
Disposal, solid waste, unspecified, to unspecified landfill/kg
Disposal, metal, to recycling/kg
Electricity
Natural gas, combusted in industrial boiler/US
Water, process, surface
Water, process, well
Water, municipal, process, surface
Water, municipal, process, well

Must sum to 1.00

Unit/m3
kg

8.05E04
3.96E05
1.21E05
1.91E05
2.22E05
0.00Eþ00
4.81E07
1.07E06
7.17E07
1.23E04
3.67E06
3.15E03
7.59E03
7.26E06
3.96E08
8.20E02
1.38E03
3.10E01
2.40E01
7.90E01
2.40E01

tkm
liters
liters
liters
liters
liters
liters
liters
kg
kg
kg
kg
kg
kg
kg
kg
kWh
m3
kg
kg
kg
kg

1.00Eþ00
2.00E02

kg
kg

1.05E06
8.07E07
1.69E07
3.23E03
1.76Eþ00
5.62E04
1.26E05
6.27E06
1.17E06
1.75E07
1.83E09
2.23E05
7.95E06
1.10E03
4.71E04
1.39E04
6.21E07
5.14E08
7.71E05
8.76E04
2.93E06
5.77E08
2.11E07

kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg

8.35E07
2.10E06

kg
kg

Outputs
Products and coproducts
CORRIM wood combusted, at boiler, at mill, kg
CORRIM wood ash, at boiler, at mill, kg
Air emissions
Acetaldehyde
Acrolein
Benzene
Carbon monoxide: biogenic
Carbon dioxide: biogenic
Wood (dust)
Formaldehyde
Hazardous air pollutants
Hydrogen chloride
Lead
Mercury
Methane, biogenic
Methanol
Nitrogen oxides
Particulates, ,10 lm
Particulates, ,2.5 lm
Phenol
Propanal
Sulfur dioxide
Volatile organic compounds
Dinitrogen monoxide
Naphthalene
Other organic
Emissions to water
Suspended solids: unspecified
BOD5 (biological oxygen demand)
a
b

Data are based on 2012 survey data from softwood lumber, plywood, and oriented strandboard industries.
Solvents may contain substances listed on the US Environmental Agency Toxics Release Inventory (www.epa.gov/toxics-release-inventory-tri-program/trilisted-chemicals [accessed January 2016]).
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updated for 20 to 25 years. All boilers had emissions control
devices, but these varied from a wet scrubber with or
without a multiclone to an electrostatic precipitator or a dry
electrostatic precipitator with or without a multi-cyclone.
The LCI process for the CORRIM wood boiler (Table 4)
consists of the weighted averages calculated from the
surveys and represents wood boilers at production facilities
in each region and process. The ﬁrst four lines are to
separate woody fuels by type because each type would carry
different upstream impacts into the boiler process. The sum
of the four lines must be 1 kgresidue. The transportation effort
for fuels from off-site is entered in line 5. The types of fuel
can vary among wood products facilities; the fuel mix in the
surveyed mills is shown in Table 5. Most was reported as
hog fuel (57%), which can vary considerably in bark content
and type of wood. It is generally a green fuel and is often
from sawn material too small to make lumber; however, hog
fuel can mean any residue that has passed through a hog. A
Table 5.—Fuel types used at surveyed boilers.
Fuel type

% contributiona

Hog fuel
Sawdust, green
Shavings
Hog fuel, purchased
Other wood
Bark
Sawdust, dry
Wood chips (green)
Forest biomass

56.8
13.2
10.7
9.1
6.1
3.3
0.37
0.31
0.12

a

Values are a percentage of the weighted average.

small amount of forest biomass was reported by one facility;
it is possible that the use of this type of fuel will increase as
carbon impacts related to fossil-based fuels become
increasingly important. Of the wood residue boiler inputs
reported, 91 percent was generated on-site, and 9 percent
was transported from an off-site location.
The higher heating value (HHV) for bone dry wood fuel
is 20.92 MJ/kgwood. Evaporating the water in the fuel (1
kgwater/kgfuel at 100% dry basis MC) requires approximately
2.4 MJ/kgwood, so 18.5 MJ/kgresidue is produced. The
CORRIM boiler produces 5.1 kg of steam from 1 kgresidue
(2 kg at 50% MC). The energy in steam is 2.2 MJ/kgsteam, so
the energy embodied in the steam is 11.2 MJ. Thus, the
boiler thermal efﬁciency is approximately 61 percent based
on the HHV for the fuel. The efﬁciency is approximately 76
percent based on a lower heating value for bone dry wood of
17 MJ/kgwood.
The other input values in Table 4 include the fuels,
lubricants, and antifreeze for stationary equipment and
rolling stock. Water is added to make up for water lost from
the system either owing to steam spray or from vented
condensate receivers. Treatment chemicals are added to the
water or steam to prevent corrosion in the piping and
vessels. Some of the ash goes to a landﬁll and is shown as
landﬁll input, while some leaves the facility intended for
agricultural use and is shown as a coproduct. In the LCI
model, the landﬁll operation is considered a process (like
gasoline use would be) and contains inputs and outputs
associated with landﬁll operations. The survey respondents
indicated that the ash is transported 69 km, on average, to
fertilizer production facilities. Electricity is used to run
various motors and instruments.

Table 6.—Consortium for Research on Renewable Industrial Materials wood boiler air emission factors reported in mill survey data
collected in 2012.a
Emission/wood combusted (kg/kg)
Air emission

Weighted avg.

Low

High

SD

Weighted SD

CV

No. of facilities reporting

CO, biogenic
CO2, biogenic
Dust
HAP, acetaldehyde
HAP, acrolein
HAP, benzene
HAP, formaldehyde
HAP, hydrogen chloride
HAP, lead
HAP, mercury
HAP, methanol
HAP, phenol
HAP, propionaldehyde
HAP, total
HAP, unspecified
NOx
Other, N2O
Other, organic
Other
Other, methane
Particulate, PM10
Particulate, PM2.5
SO2
VOC

3.23E03
5.60E01
5.62E04
1.05E06
8.07E07
1.69E07
1.26E05
1.17E06
1.75E07
1.83E09
7.95E06
6.21E07
5.14E08
8.69E05
6.27E06
1.10E03
2.93E06
2.11E07
5.77E08
2.23E05
4.71E04
1.39E04
7.71E05
8.75E04

0.00Eþ00
8.10E04
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00

3.71E02
9.07E01
4.97E03
1.01E05
7.12E06
1.60E06
2.14E04
1.02E05
1.48E06
1.36E08
9.45E05
4.10E06
3.97E07
5.35E04
1.44E04
2.83E03
4.06E05
1.88E06
5.07E07
3.09E04
1.86E03
1.10E03
3.25E04
4.59E03

1.16E02
6.58E01
1.59E03
3.51E06
2.71E06
4.43E07
7.18E05
2.95E06
4.18E07
4.40E09
3.16E05
1.29E06
1.64E07
2.33E04
4.82E05
9.45E04
1.23E05
5.69E07
1.46E07
9.34E05
6.26E04
4.05E04
1.28E04
1.45E03

7.86E03
6.23E01
1.37E03
2.04E06
1.64E06
4.96E07
4.14E05
3.29E06
4.64E07
3.98E09
2.53E05
1.02E06
1.17E07
1.86E04
3.10E05
7.94E04
1.10E05
6.23E07
1.63E07
8.38E05
5.84E04
3.22E04
1.01E04
1.59E03

2.44Eþ02
1.11Eþ02
2.44Eþ02
1.94Eþ02
2.03Eþ02
2.94Eþ02
3.28Eþ02
2.82Eþ02
2.66Eþ02
2.17Eþ02
3.18Eþ02
1.65Eþ02
2.27Eþ02
2.14Eþ02
1.51Eþ03
7.25Eþ01
3.76Eþ02
2.95Eþ02
2.82Eþ02
3.76Eþ02
1.24Eþ02
2.32Eþ02
1.30Eþ02
1.81Eþ02

10
2
10
8
7
13
9
12
13
13
9
11
7
7
10
11
11
11
12
11
11
9
8
11

a

CV ¼ coefﬁcient of variation; CO ¼ carbon monoxide; CO2 ¼ carbon dioxide; HAP ¼ hazardous air pollutant; NOx ¼ nitrogen oxide; N2O ¼ nitrous oxide;
SO2 ¼ sulfur dioxide; VOC ¼ volatile organic compound.
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Table 7.—Emission factor differences as collected in the Consortium for Research on Renewable Industrial Materials (CORRIM)
wood boiler survey and the US Life Cycle Inventory database (USLCI 2008).a
Values (kgemission/kgresidue)
CORRIM wood boiler, 2012

USLCI (2008)

% change in emission factor
when using CORRIM 2012 data

1.05E06
8.07E07
NR
NR
1.69E07
NR
NR
NR
NR
3.23E03
1.76Eþ00
NR
NR
5.62E04
1.26E05
6.60E14
1.57E06
4.70E06
8.69E05
1.17E06
1.75E07
NR
1.83E-09
NR
2.23E05
NR
7.95E06
NR
NR
1.10E03
2.93E06
2.11E07
5.77E08
4.71E04
1.39E04
6.21E07
5.14E08
NR
7.71E05
NR
8.75E04

7.47E06
3.60E05
7.11E08
1.98E07
3.78E05
9.90E09
3.69E08
7.11E06
1.89E07
5.40E03
1.76Eþ00
5.85E08
7.74E14
NR
3.96E-05
NR
NR
NR
NR
1.71E04
4.32E07
1.44E05
3.15E08
3.85E04
1.89E04
2.61E06
NR
8.73E07
2.97E07
2.10E03
NR
NR
NR
4.50E03
3.87E03
4.59E07
NR
2.52E08
2.25E04
3.68E05
NR

86
98
—
—
100
—
—
—
—
40
0
—
—
—
68
—
—
—
—
99
60
—
94
—
88
—
—
—
—
48
—
—
—
90
96
35
—
—
66
—
—

Suspended solids
BOD

9.19E07
2.31E06

NR
NR

—
—

Solid waste
Ash
Other, inorganics

7.59E03
8.28E06

NR
NR

—
—

Substance
Air emission
Acetaldehyde
Acrolein
Antimony
Arsenic
Benzene
Beryllium
Cadmium
Chlorine
Chromium
CO, biogenic
CO2, biogenicb
Cobalt
Dioxin, 2,3,7,8 tetrachlorodibenzo-pDust
Formaldehyde
HAP, unspecified
HAP, unspecified
HAP, unspecified
HAP, total
Hydrogen chloride
Lead
Manganese
Mercury
Metals, unspecified
Methane, biogenic
Methane, dichloro-, HCC-30
Methanol
Naphthalene
Nickel
NOx
Other, N2O
Other, organic
Other
Particulate, PM10
Particulate, PM2.5
Phenol
Propionaldehyde
Selenium
SO2
TOC
VOC
Emissions to water

a

NR ¼ not reported; CO ¼ carbon monoxide; CO2 ¼ carbon dioxide; HAP ¼ hazardous air pollutant; NOx ¼nitrogen oxide; N2O ¼ nitrous oxide; SO2 ¼ sulfur
dioxide; TOC ¼ total organic carbon; VOC ¼ volatile organic compounds; BOD ¼ biological oxygen demand.
b
Did not use survey data. The value used is based on published data for carbon dioxide releases for the combustion of wood.

Boiler air emissions can vary widely from mill to mill,
partly because mills typically report their operating permits,
which vary by state and even by region within a state (Table
6). The coefﬁcient of variation for the reported values was
typically around 200 percent, with some mills reporting zero
for some values. Carbon dioxide, nitrogen oxide, and
volatile organic compounds are the most abundant emissions, followed by particulates. Methanol and formaldehyde
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are the hazardous air pollutants (HAPs) emitted in the
greatest quantities, 7.95E6 and 1.25E5 kg/kgresidue,
respectively. This is on the same order of magnitude as
the emissions from drying per kilogram of wood (Milota
2015a, 2015b). An exact comparison is difﬁcult because
drying temperature varies among processes and products.
The other HAPs in the plywood composite wood products
and Maximum Achievable Controlled Technology standards
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that would be of concern at the dryers and presses include
acetaldehyde, acrolein, phenol, and propanal.
Twenty-two emissions were reported in the surveys
(Table 7). Thirteen emission types overlapped with
previously published data sets. Of these 13 emissions, 12
emissions were reduced by 40 to 99 percent over previously
published data sets. One emission, phenol, was higher by 35
percent. Nine emissions reported in the 2012 survey were
not reported in previous data sets, while 17 emissions
previously reported were not reported in the 2012 surveys.
Air emissions reported in the survey varied from the EPA
(2003) values and USLCI (2008), partly because the
emissions were reported after a control device had been
installed. Most HAPs were 68 to 99 percent less than the
values in the previous data sets. Phenol did not appear in the
EPA or USLCI databases but was reported in the survey.
Nitrogen oxide emissions were 48 percent less, probably
because of better combustion techniques and burner design.
Liquid emissions were minimal, and no liquid emissions
were reported at most mills.

Regional differences
Difference in diesel use between regions was only 0.8 3
105 liters/kgresidue, with the variability likely due to how the
fuel is moved within the mills. Diesel use is thus shown
simply as 8.05 3 104 liters/kgresidue in Table 4. As another
example, water use ranged from 0.57 to 3.1 liters/kgresidue in
the PNW, 0.46 to 3.3 liters/kgresidue in the SE, 1.0 to 1.7
liters/kgresidue for plywood facilities, and 0.46 to 3.3 liters/
kgresidue for lumber facilities; water use is shown simply as
1.58 liters/kgresidue (sum of the four values) in Table 4.
Likewise, electricity use ranged from 0.025 to 0.14 kWh/
kgresidue in the PNW region and from 0.034 to 0.14 kWh/
kgresidue in the SE region; it is shown as 0.082 kWh/kgresidue
in Table 4. The differences noted between the PNW and SE
regions were not signiﬁcant enough to warrant separation.
LCI results for the CORRIM wood boiler, based on inputs
provided by mill surveys (Table 4), compared with the USLCI
wood boiler database (USLCI 2008) are shown in Table 8.
Major differences between the two databases are the reporting
input emissions (Table 7) and the inclusion of fuels and
chemicals required to operate and maintain a boiler (Table 4),
which were reported in the CORRIM wood boiler survey.

LCIA results
Life-cycle impact assessment (LCIA) establishes links
between the LCI results and potential environmental impacts
and calculates impact indicators, such as GWP and smog.
These impact indicators provide general but quantiﬁable
indications of potential environmental impacts. Environmental impacts are determined using the TRACI method (Bare et
al. 2011). Results for GWP, acidiﬁcation, eutrophication,
ozone depletion, respiratory effects, and smog are shown in
Figure 2. For GWP, all carbon dioxide, including that from
biomass and fossil, is included in these results. Carbon
dioxide emissions from wood combustion are the same for
both the CORRIM boiler and the USLCI boiler. The
difference is in the fuel and chemical inputs for operating
and maintaining a wood boiler. The previous databases did
not include materials, fuels, chemicals, and electricity, as
listed in Table 4. These accounted for an increase in GWP of
about 2 percent for the CORRIM wood boiler. In all other
impact categories, values for the CORRIM wood boiler were
388

Table 8.—Life cycle inventory results for the Consortium for
Research on Renewable Industrial Materials (CORRIM) wood
boiler and US Life Cycle Inventory database (USLCI 2008)
wood boiler.a
Values (kgemission/kgresidue)
Air emissions

CORRIM
wood boiler, 2012

USLCI
(2008)

Acetaldehyde
Acrolein
Aldehydes: unspecified
Ammonia
Carbon dioxide, biogenic
Carbon dioxide, fossil
Carbon monoxide, biogenic
Carbon monoxide, fossil
Dinitrogen monoxide
Formaldehyde
HAP
Hydrogen chloride
Isoprene
Methane
Methane, biogenic
Methane, fossil
Methanol
Naphthalene
Nitrogen monoxide
Nitrogen oxides
NMVOC, unspecified origin
Particulates, ,10 lm
Particulates, ,2.5 lm
Particulates, .10 lm
Particulates, .2.5 lm and ,10 lm
Particulates, unspecified
Phenol
Propanal
Sulfur dioxide
Sulfur oxides
VOC
Wood (dust)

1.04E06
7.96E07
6.94E08
1.46E05
1.73
6.15E02
3.17E03
6.51E05
2.24E07
1.24E05
6.16E06
1.22E05
8.97E06
1.61E04
2.19E05
1.83E05
7.80E06
5.69E08
2.87E06
1.26E03
4.58E06
4.63E04
1.39E04
2.50E06
5.66E06
3.08E05
6.10E07
5.05E08
5.23E04
1.29E05
8.67E04
5.52E04

7.47E06
3.60E05
0.00Eþ00
0.00Eþ00
1.73
0.00Eþ00
0.00Eþ00
5.40E03
0.00Eþ00
3.96E05
0.00Eþ00
1.71E04
0.00Eþ00
1.89E04
0.00Eþ00
0.00Eþ00
0.00Eþ00
8.73E07
0.00Eþ00
2.10E03
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00
4.50E03
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00
0.00Eþ00

a

Results include all upstream processes for ancillary materials (fuels, oils,
chemicals, etc.) for boiler operations. HAP ¼ hazardous air pollutant;
NMVOC ¼ nonmethane volatile organic compound; VOC ¼ volatile
organic compound.

less than for the USLCI boiler. These follow the reductions in
individual emissions listed in Table 7.
The greatest reductions in impacts were for ozone,
eutrophication, and respiratory effects. All substances that
contribute to ozone depletion were present in the CORRIM
wood boiler data, while only one was present in the previous
USLCI database (methane, tetrachloro-, chloroﬂuorocarbon10). For the CORRIM wood boiler, this substance was lower
by 100 percent and occurred in the manufacture of fuels and
chemicals; in the USLCI wood boiler, this substance was
reported as a result of combustion of the type of ‘‘wood’’ fuel
used. Particulates, ammonia, carbon monoxide, and sulfur
oxides are the substances that contribute to respiratory
effects. All of these substances were present for the CORRIM
wood boiler, and most were from the fuel and chemical input
processes, which were absent the USLCI database. Of the
emissions that overlapped (carbon monoxide, nitrogen
oxides, particulates ,10 lm), there were reductions of from
40 to 100 percent. The only emission to water that showed a
reduction was BOD5 (biological oxygen demand). This
PUETTMANN AND MILOTA

Figure 2.—Environmental impact assessment differences of
selected impact categories between the Consortium for
Research on Renewable Industrial Materials wood boiler and
the US Life Cycle Inventory wood boiler.

emission represented 90 percent for this impact category in
the USLCI database, while for the CORRIM database, it
represented less than 1 percent. Nitrogen oxides were the
largest contributors to eutrophication in the CORRIM boiler,
representing 93 percent.

Conclusions
The material inputs and outputs for the CORRIM boiler
should be a good representation of what occurs at an
industrial wood boiler at wood production facilities. The
survey requested actual emissions and therefore should be a
better representation of wood boilers than previous data,
which represented the potential to emit. If the model inputs
include upstream impacts, then a cradle-to-gate LCI for wood
combustion in an industrial boiler can be done. Similarly, the
model can be used for cradle-to-gate LCIs of wood products
when energy from a wood boiler is used in the processing.
Results indicated that regional differences, as well as type
of wood waste burned, did not warrant separate boilers for
facilities producing different wood products. Twenty-two
emissions were reported by these industries, with 13
overlapping with previously published data sets. Survey
emissions were lower (from 40% to 99%) than those reported
in previously published data sets, with the exception of
phenol, which was higher by 35 percent. Nine survey
emissions were not reported in previous data sets, while 17
emissions previously reported were not reported in surveys.
Based on the extent of this survey and the quality of data
collected, the boiler emission factors presented in this article
are a better representation of wood-combusted boilers used in
wood production facilities in the United States.
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Impacts of the Allocation Assumption
in Life-Cycle Assessments of
Wood-Based Panels*
Adam M. Taylor
Richard D. Bergman
Maureen E. Puettmann
Sevda Alanya-Rosenbaum

Abstract
Wood processing often involves an array of products and coproducts and a cascade of primary and secondary uses. Prior
life-cycle assessment (LCA) reporting allocated environmental burdens to products and coproducts based on mass for
multiproduct systems to develop environmental product declarations, which are developed from LCAs following the
procedures detailed in product category rules (PCRs). A recent PCR for North American structural and architectural wood
products requires allocation by economic value when the main products exceed the value of coproducts by greater than 10
percent. Using recent LCAs of wood-based panels, this article describes the differences in LCA results when using mass and
economic allocation methods. For wood panel products that do not use wood residues from primary wood manufacturers
(e.g., plywood), an increase in environmental impacts results from an economic allocation approach. For wood panel
products made from wood residues (e.g., cellulosic ﬁberboard), there is a slight decrease in most environmental impact
metrics with economic allocation. Sensitivity and variability in LCA results are discussed for the mass and economic
allocation approaches.

W

ood processing often involves an array of products
and coproducts. Life-cycle assessment (LCA) of wood
products therefore must divide—or allocate—the environmental impacts of the whole process to these various
products and coproducts. Allocation can be done according
to the relative mass, volume, or economic value of the
products and coproducts, but the results of the LCA will
vary with the type of allocation chosen (International
Organization for Standardization [ISO] 2006a, 2006b).
A product category rule (PCR) is a set of instructions
derived from ISO Standard 14025, ‘‘Environmental Labels
and Declarations—Principles and Procedure’’ (ISO 2006c),

which is used to prepare LCAs for products that are similar
in some way (i.e., in the same category). A PCR is often
intended to enable the preparation of an environmental
product declaration, a standardized summary of environmental impacts for a particular product (ISO 2006c). To
help ensure consistent evaluation of products within a
category, a PCR can provide guidance on system boundary
determination, reference units, and on allocation method. In
2015, a new North American PCR was published for wood
product LCAs that requires allocation by economic value
(FPInnovations 2015). The original PCR by FPInnovations
was based on two previous (expired) European wood
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Table 1.—Price conversions for economic allocation, 2012.a
Nominal value
Product
b

Logs (west)
Logs (south)c
Lumber, rough greene
Chips, greenf
Chips, dry
Residues
Green veneer
Dry veneer
Plywood
Oriented strandboard

Density (kg/m3)

Price ($)

Unit

PNW

SE

494
44
322
94
94
20
34
46
250
254

MBF (scaled log volume)
Green tond
MBF
Dry ton
Dry ton
Dry ton
MSF
MSF
MSF (3/8-in. basis)
MSF

450
450
450

470
470
470

446
446
446

503
503
503
503

Volume
(board ft/m3)
139
530

Specific value ($/kg)
PNW

SE

Data source

0.15
—
0.38
0.10
0.10
0.02
0.09
0.12
0.69

—
0.05
0.36
0.10
0.10
0.02
0.08
0.10
0.56
0.57

Random Lengths (2012, p. 9)
Random Lengths (2012, p. 9)
Random Lengths (2012, p. 4)
Random Lengths (2012, p. 9)
Same as green chips per dry ton
M. Milota (personal communication, 2005)
Random Lengths (2012, p. 8)
Random Lengths (2012, p. 8)
Random Lengths (2012, p. 8)
Random Lengths (2012, p. 8)

a

PNW ¼ Paciﬁc Northwest; SE ¼ Southeast; MBF ¼ thousand board feet; MSF ¼ thousand square feet.
Average western species delivered sawlog costs.
c
Average southern pine delivered sawlog cost.
d
Short ton ¼ 2,000 lb.
e
Framing lumber composite price annual average.
f
North American conifer chip prices.
b

product PCRs, and the current version was harmonized with
other European standards (e.g., EN 15804 [2012] and EN
16485 [2014]). LCAs for wood-based panels have recently
been updated (Puettmann et al. 2016a, 2016b, 2016c, 2016d,
2016e), but in previous reports, allocations were on a mass
basis (Kline 2005; Wilson and Sakimoto 2005; American
Wood Council–Canadian Wood Council 2013a, 2013b;
Bergman 2015a, 2015b). To be consistent with previous
reports and to comply with the new PCR, the recent updates
have reported the LCA results separately for both mass and
economic value allocation methods. This provides an
opportunity to investigate the impact of the allocation
decision on wood products LCA; this article describes the
differences in LCA outcomes resulting from changes in the
allocation method, using examples from softwood plywood,
oriented strandboard (OSB), and cellulosic ﬁberboard.

data were used to determine the relative allocation to the
various products and coproducts for each panel type (Table
2).
These panel products represent a range of product and
coproduct scenarios. Within the range of products studied
here, structural softwood plywood is made from a relatively
high-value raw material (high-quality, ‘‘veneer’’ logs), and
a high-value coproduct (veneer) is a commercial product
that is used in secondary wood products, such as laminated
veneer lumber. OSB uses lower-value logs but is a highvalue product, nearly equivalent in function to structural
plywood, with very little coproduct during manufacturing.
Cellulosic ﬁberboard is a relatively low-value panel made
from low-value coproducts (i.e., residues) of (primarily)
lumber production (a relatively high-value product).

Methods

Table 2.—Mass and economic allocation to products and
coproducts for each panel type.

The objective of this study was to use data from
attributional LCAs of selected wood panels (softwood
plywood, OSB, and cellulosic ﬁberboard) to illustrate the
varying impacts of the mass or economic allocation on LCA
results. The LCAs used were cradle-to-gate in scope and
incorporated recent survey data from manufacturing operations, updated boiler process data, and preexisting forest
management and harvest data. Softwood plywood and OSB
were manufactured in the Southeast (SE) region of the
United States, whereas cellulosic ﬁberboard production
covered North America. Production data were collected
from manufacturing facilities representing 2012 production
values (Bergman 2015b, Kaestner 2015). For the mass
allocation approach, the (ovendry) mass balance of wood
inputs and outputs was developed based on survey data. For
the economic allocation approach, the PCR allocation rule
was applied for the main product and coproducts in the
production system, which states that when the market price
of the main product and coproducts differs by more than 10
percent, allocation shall be based on the relative market
price (economic value). The 10 percent rule was applied
based on a per unit basis, in this case, per cubic meter of
each panel product. Product and coproduct market prices
were estimated from a variety of sources (Table 1). These
FOREST PRODUCTS JOURNAL
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Burden assigned to product or coproduct (%)
Product and coproducts
Plywood
Bark
Green veneer that is sold
Green veneer clippings
Peeler core
Dry veneer that is sold
Plywood trimmings
Sawdust
Hog fuel
Oriented strandboard
Panel trim
Sawdust
Hog fuel
Wood waste
Ash

Mass allocation

Economic allocation

32.02

50.82

8.68
14.15
8.49
13.19
11.28
3.05
0.55
8.58

0.37
16.94
13.95
3.99
13.17
0.21
0.05
0.52

75.15

97.50

0.30
1.33
20.23
2.59
0.40

0.03
0.14
2.07
0.26
0.00

Cellulosic fiberboard

96.1

100

Culled boards
Wood molasses
Pins and fines
Other

0.4
2.2
0.7
0.6

0
0
0
0
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Table 3.—Change in environmental impact indicators for various wood-based panels resulting from using economic allocation
instead of mass allocation.
Percent change from mass to economic allocationa
Impact category
Global warming
Acidification
Eutrophication
Ozone depletion
Smog

Unit

CFB

OSB

SE plywood

kg CO2 eq
SO2 eq
kg N eq
kg CFC-11 eq
kg O3 eq

0.15
0.02
11.00
0.00
3.7

7.6
7.0
4.7
7.9
6.2

26
25
16
24
22

MJ
MJ
MJ
MJ
MJ

2.0
0.07
0.61
1.7
11

7.7
7.3
7.9
7.8
8.0

26
26
28
27
27

0.25
3.0
2.4

8.1
8.0
8.0

25
0.55
29

1.9

7.3

28

Primary energy consumption
Total
Nonrenewable fossil
Nonrenewable nuclear
Renewable (solar, wind, hydroelectric, and geothermal)
Renewable (biomass)
Material resources consumption (nonfuel resources)
Nonrenewable materials
Renewable materials
Freshwater

kg
kg
liters

Waste generated
Solid waste
a

kg

CFB ¼ cellulosic ﬁberboard; OSB ¼ oriented strandboard; SE ¼ Southeast; CFC ¼ chloroﬂuorocarbon.

Results and Discussion
The choice between mass and economic value allocation
between products and coproducts affects the results of lifecycle impact assessment (LCIA) (Table 3). In general, if a
manufacturing process produces low-value coproducts, then
applying economic allocations will shift the burdens to the
main product, as seen in plywood. When little coproduct is
produced, such as in OSB, smaller increases result. In
products such as cellulosic ﬁberboard that use residues (i.e.,
low-value coproducts) from other manufacturing processes
(i.e., lumber), there is a decrease in environmental burdens
under the economic allocation approach because the
burdens assigned to the residues of lumber production are
reduced when based on economic value.
The allocation method had only a modest impact on the
cellulosic ﬁberboard results. This may be surprising
considering that sawmill residues (chips and shavings) are
a major raw material used and very different burdens are
assigned to these residues, depending on the allocation
decision (Table 4). There are two explanations. First, not all
of the raw materials for cellulosic ﬁberboard are residues;
chips from whole logs and postconsumer waste, which make
up 41 percent by mass of the inputs, carry with them the
same environmental impact burdens regardless of whether
economic or mass allocation is used. Second, the manufacturing stage of cellulosic ﬁberboard production is relatively
important in terms of environmental impacts compared with
the forest operations and wood residue production stages (as
it is for many wood products), and this reduced the relative
impact of changes in the environmental impact burdens
associated with the raw material inputs. For example, forest
operations, wood residue production, and cellulosic ﬁberboard life-cycle stages consumed 50.1, 534, and 6,690 MJ
and emitted 3.24, 21.0, and 271 kg CO2 eq per m3 of
cellulosic ﬁberboard produced (Puettmann et al. 2016a).
Therefore, even if there are large differences for the impact
category values in the wood residue production stage based
392

on the two allocation approaches, the overall (cradle-togate) differences are minor, as illustrated in Table 3.
Impacts for OSB production increased about 7 percent
when an economic allocation approach was used (Table 3).
The consistent increase in environmental impacts for OSB
when applying economic allocation may be surprising given
that OSB is made from a single raw material product (logs
harvested for OSB), there are very few coproducts that leave
the production facility, and the environmental burdens
associated with any coproduct used internally are ‘‘added’’
back to the main product. However, some coproducts do
leave the system: survey data indicated that about 11 percent
of the hog fuel produced was sold. The mass of these hog
fuel residues is proportionately greater than their market
value; thus, environmental burdens are shifted (slightly) to
the OSB product.
Table 4.—Residues used for cellulosic fiberboard production,
showing proportion of environmental burden carried forward
from lumber production.
Proportion (%) of
lumber’s burden
carried forward

Residue
Canadian green chips from lumbera
Canadian dry shavings from lumberb
Southeast green chips from hardwood
lumber
Southeast green chips from softwood
lumber
Chips from whole logs
Postconsumer waste
Total
a
b
c

Mass balance
of wood
Mass Economic
inputs (%) allocation allocation
11
13

24
10

12
,1

2

19

9

33
26
15

31
NAc
NA

14
NA
NA

100

Based on Milota (2015b).
Based on Bergman (2015b).
NA ¼ not applicable.
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Of the three products considered for comparison, the
plywood LCIA results were those most affected by the
allocation approach applied. Plywood manufacture includes
several steps in which a signiﬁcant mass of coproducts is
generated. In some cases, the relative value of the coproduct
to the product is high, such as veneer that is sold rather than
used to make plywood on-site. However, in other cases, the
coproduct is of much lower value than the main product,
such as the peeler core. In no case are the coproducts more
valuable than the main product that ends up in the ﬁnal
plywood; thus, economic allocation associates more of the
input and environmental consequences (about 25% more) on
the plywood product than does mass allocation.
The allocation decision is an important one and thus has
been widely discussed by LCA practitioners. Ardente and
Cellura (2012) provided a review of economic allocation in
LCA and concluded that it is more rational in systems
producing low-value but high-quantity by-products. This
could be the case in lumber production, which results in a
large volume of low-value residues (chips and sawdust). A
recent LCA study of softwood lumber assigned a 50 percent
allocation to the lumber using a mass allocation and 86
percent under an economic allocation (Milota 2015a). The
result was a 33 percent increase in the global warming (GW)
impact category under the economic allocation approach.
Another example was provided by Reed et al. (2012) in their
study of wood pellet production. Using an economic
allocation approach, there was a signiﬁcant decrease in
GW (from 19.8 to 18.3 g CO2 eq/MJ). In this case, the
main feedstock input for pellet production was residues
from hardwood ﬂooring production. When an economic
allocation approach was applied to the hardwood ﬂooring
production process, the economic value of the residues
carried much lower environmental burdens into pellet
production. In these examples, an economic allocation
approach seems sensible: lumber and ﬂooring are not
produced for making residues—that these residues can be
used to advantage for other products is a fortunate and

relatively recent development. In the past, when there was
no market for these residues, they were simply burned or
landﬁlled.
However, one potential drawback to the economic
allocation approach for wood products is the uncertainty
introduced given large ﬂuctuations in product values over
time (Fig. 1). Over 20 years, lumber prices varied from a
low of $203 to a high of $423 per thousand board feet. This
ﬂuctuation would signiﬁcantly affect the environmental
burdens assigned to the lumber product, and the coproducts
(e.g., chips and dust) that go into other products. The mass
of products and coproducts for wood products has been
relatively stable (Milota 2015a, 2015b; Bergman and
Alanya-Rosenbaum 2016a, 2016b, 2017a, 2017b; Puettmann et al. 2016a, 2016b, 2016c; Bowers et al. 2017a,
2017b). Thus, an economic allocation approach will provide
results that could change signiﬁcantly between successive
studies, depending on the prices at the time of the study.
This may unfairly indicate differences among similar
products for which the LCAs were completed at different
times.
In addition to price variability over time, pricing data can
be uncertain and/or very difﬁcult to access for some
products, adding to the potential uncertainty. The manufacturing facilities that provide survey data are generally not
willing to disclose pricing information, so industry trade
publications are the primary resource. However, low-value
coproduct pricing can vary considerably based on its ﬁnal
use and proximity to the customer. Chips can be sent to the
pulp mill, be sold as landscape materials, or serve as
feedstock inputs for nonstructural panel products. In
addition, there are many wood products where the main
product pricing is not published (e.g.. glued-laminated
timber, laminated veneer lumber, and I-joists). In the case of
cellulosic ﬁberboard presented here, a lack of data prevented
the consideration of coproducts in the economic allocation
scenario. Cellulosic ﬁberboard manufacture includes the
production of wood molasses, which can be used for fuel,

Figure 1.—Price history for lumber and plywood, nominal prices.
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for additives (e.g., in papermaking), and for animal feed
(Muzzy et al. 1983, Ståhl et al. 2016). The recovery of wood
molasses depends on its market value, which is uncertain, as
it can range from $33 to $165 per ovendried tonne (Bungay
1982, Muzzy et al. 1983). No pricing data on wood molasses
were provided by the surveyed cellulosic ﬁberboard
facilities (Bergman 2015b), and published data were not
available. Because of this uncertainty of pricing for wood
molasses, a lack of survey pricing data, and the relatively
low mass compared with cellulosic ﬁberboard, none of the
coproducts, including wood molasses, were assigned an
economic value. Because these coproducts were assumed to
have no value, this resulted in all environmental impacts
being assigned to the cellulosic ﬁberboard product. If
pricing data were available for these coproducts (i.e., a
value greater than zero), then this would decrease the
environmental impacts assigned to the cellulosic ﬁberboard
product.
Another challenge to economic allocation for wood
products is establishing the system boundary for raw
materials from the forest. For example, one could argue
that the harvest of OSB logs (or pulpwood) is itself a
(relatively low-value) coproduct of management for saw or
veneer logs. Under an economic allocation scenario, the
burdens would then have to be allocated among the various
log products, which potentially are harvested over many
years. This would greatly increase the complexity of the
LCA model versus a mass-based allocation.
Other sectors, including bioenergy, struggle with the
allocation method issue (Ayer et al. 2007, Svanes et al.
2011). Luo et al. (2009) compared environmental burdens
associated with bioethanol production from corn stover
against gasoline production. The difference in the LCA
results from the application of different allocation methods
was found to be signiﬁcant, where use of economic
allocation led to an increase in the GW impact but reduced
other impacts. For the metal sector, the production of
copper, gold, platinum, and palladium occur within the same
multiproduct system; thus, allocation is very complex. More
copper is produced, but the price for gold is relatively high,
and this has a dramatic inﬂuence on the LCA results when
modeled using different allocation methods. Sandilands and
Sullivan (2014) showed that the GW impact using a mass
allocation approach was higher for copper (4,806 kg CO2 eq
vs. 15 kg CO2 eq for gold), while under the economic
allocation approach, the proportions were nearly reversed
(4,935 kg CO2 eq for gold vs. 192 kg CO2 eq for copper).
These LCIA results were consistent with the food and
concrete sectors (Chen et al. 2010, Gac et al. 2014), where
high-mass or high-value coproducts result in substantial
differences between mass and economic value allocation
methods.
Jungmeier et al. (2002a, 2002b) evaluated the methodological procedures used to address the multifunctionality
issues in production of wood-based products and discussed
the alternatives, i.e., mass, volume, economic allocation,
and system expansion. The authors concluded that avoiding
allocation by system expansion is the best option, but, if
allocation cannot be avoided, they suggested that different
allocation methods be documented. Jungmeier et al. (2002b)
evaluated examples for the different allocation methods and
suggested mass (or volume) for forestry activities and mass
or economic allocation for primary and secondary wood
product manufacturing. As mentioned above, these different
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allocation approaches were used in the recent updates to US
wood products; LCA results were reported for both
economic (as required by the PCR; FPInnovations 2015)
and mass (consistent with prior studies) allocation assumptions.

Conclusions
Economic allocation in the LCAs of wood panel products
results in increased environmental impacts being associated
with the main product. The magnitude of the shift in
environmental burdens—versus the traditional mass allocation approach—varies signiﬁcantly with the product, its raw
material type, and the nature of the coproducts. An
economic approach has some logical advantages in wood
product production where low-value, high-volume coproducts are common; however, the uncertainty and lack of
availability of pricing data are signiﬁcant challenges.
Allocating or assigning environmental impacts is a
complex process for multiproduct systems. Thus, the
selection of an allocation procedure has been found to be
one of the most debated methodological problems in LCA,
largely because it can notably affect the LCIA results
(Weidema 2001, Reap et al. 2008, Pelletier et al. 2015, Salas
et al. 2016) This is likely to be an ongoing issue because of
the requirements to periodically update environmental
product declarations along with the underlying LCIA results
(ISO 2006c). Therefore, careful consideration by all
stakeholders will be required for future revisions of the
PCRs for North American structural and architectural wood
products to ensure that the best allocation method (or mix of
methods) for wood products is speciﬁed. In the meantime,
the authors suggest the continued practice of reporting
LCIA results for wood products using both mass and
economic allocation approaches.

Note from Authors
This article supersedes any previously (recently) reported
LCI ﬂows and LCIA outcomes on wood panel production in
the United States, including Bergman et al. (2016).

Acknowledgments
There are several acknowledgments to note. For the
plywood and OSB projects, primary funding was through a
joint venture agreement between the US Department of
Agriculture (USDA) Forest Service (FS) Forest Products
Laboratory (FPL) and the Consortium for Research on
Renewable Industrial Materials (12-JV-11111137-050).
Steven Zylkowski and the APA were critical in recruiting
mill personnel to participate in the plywood and OSB
surveys. For the cellulosic ﬁberboard project, primary
funding was through a cooperative agreement between the
USDA FS FPL and the North American Fiberboard
Association [NAFA] (13-CO-11111137-017). Additional
funding was provided by FPInnovations. We especially
thank those NAFA companies and their employees who
participated in the surveys to obtain production data. In
addition, this research was supported in part by an
appointment to the US Forest Service Research Participation Program administered by the Oak Ridge Institute for
Science and Education (ORISE) through an interagency
agreement between the US Department of Energy (DOE)
and the USDA FS. ORISE is managed by Oak Ridge
Associated Universities (ORAU) under DOE contract no.
DE-AC05-06OR23100. All opinions expressed in this report
TAYLOR ET AL.

are the authors’ and do not necessarily reﬂect the policies
and views of USDA, DOE, or ORAU/ORISE.

Literature Cited
American Wood Council–Canadian Wood Council. 2013a. North
American oriented strand board. Environmental Product Declaration.
No. 13CA24184.101.1. April 16, 2013. 15 pp.
American Wood Council–Canadian Wood Council. 2013b. North
American softwood plywood. Environmental Product Declaration.
No. 13CA24184.103.1. April 16, 2013. 15 pp.
Ardente, F. and M. Cellura. 2012. Economic allocation in life cycle
assessment. J. Ind. Ecol. 16(3):387–398.
Ayer, N. W., P. H. Tyedmers, N. L. Pelletier, U. Sonesson, and A.
Scholz. 2007. Co-product allocation in life cycle assessments of
seafood production systems: Review of problems and strategies. Int. J.
Life Cycle Assess. 12(7):480–487.
Bergman, R. 2015a. Cradle-to-gate life-cycle inventory of hardboard and
engineered wood siding and trim produced in North America.
CORRIM Final Report. University of Washington, Seattle. August
2015. 78 pp.
Bergman, R. 2015b. Cradle-to-gate life-cycle inventory of cellulosic
ﬁberboard produced in North America. CORRIM Final Report.
University of Washington, Seattle. May 2015. 57 pp.
Bergman, R. and S. Alanya-Rosenbaum. 2016a. Cradle-to-gate life-cycle
assessment of laminated veneer lumber (LVL) produced in the Paciﬁc
Northwest region of the United States. CORRIM Final Report, Module
HI. October 2016. 92 pp. http://www.corrim.org/pubs/reports.asp.
Accessed November 23, 2016.
Bergman, R. and S. Alanya-Rosenbaum. 2016b. Cradle-to-gate life-cycle
assessment of laminated veneer lumber (LVL) produced in the
southeast region of the United States. CORRIM Final Report, Module
H2. October 2016. 90 pp. http://www.corrim.org/pubs/reports.asp.
Accessed November 23, 2016.
Bergman, R. and S. Alanya-Rosenbaum. 2017a. Cradle-to-gate life-cycle
assessment of composite I-joists produced in the Paciﬁc Northwest
region of the United States. CORRIM Final Report, Module FI.
January 2017. 96 pp. http://www.corrim.org/pubs/reports.asp. Accessed February 1, 2017.
Bergman, R. and S. Alanya-Rosenbaum. 2017b. Cradle-to-gate life-cycle
assessment of composite I-joists produced in the southeast region of
the United States. CORRIM Final Report, Module F2. January 2017.
118 pp. http://www.corrim.org/pubs/reports.asp. Accessed February 1,
2017.
Bergman, R., D. Kaestner, and A. Taylor. 2016. Life cycle impacts of
North American wood panel manufacturing. Wood Fiber Sci.
48(Special Issue):40–53.
Bowers, T., M. Puettmann, I. Eastin, and I. Ganguly. 2017a. Cradle-togate life-cycle assessment of glued laminated timbers produced in the
US Paciﬁc Northwest region. CORRIM Final Report, Module G1.
January 2017. 75 pp. http://www.corrim.org/pubs/reports.asp. Accessed February 1, 2017.
Bowers, T., M. Puettmann, I. Eastin, and I. Ganguly. 2017b. Cradle-togate life-cycle assessment of glued laminated timbers produced in the
US southeast region. CORRIM Final Report, Module G2. January
2017. 72 pp. http://www.corrim.org/pubs/reports.asp. Accessed February 1, 2017.
Bungay, H. R. 1982. Biomass reﬁning. Science 218(4573):643–646.
Chen, C., G. Habert, Y. Bouzidi, A. Jullien, and A. Ventura. 2010. LCA
allocation procedure used as an initiative method for waste recycling:
An application to mineral additions in concrete. Resourc. Conserv.
Recycl. 54(2010):1231–1240.
European Committee for Standardization (CEN). 2012. Sustainability of
construction works. Environmental product declarations. Core rules
for the product category of construction products. EN 15804. CEN,
Brussels.
European Committee for Standardization (CEN). 2014. Round and sawn
timber. Environmental product declarations. Product category rules for
wood and wood-based products for use in construction. EN 16485.
CEN, Brussels.
FPInnovations. 2015. Product category rules (PCR) for North American
structural and architectural wood products. 29 pp. https://
FOREST PRODUCTS JOURNAL

Vol. 67, No. 5/6

fpinnovations.ca/ResearchProgram/environment-sustainability/epdprogram/Documents/pcr-v2.pdf. Accessed March 6, 2017.
Gac, A., C. Lapasin, P. T. Laspière, S. Guardia, P. Ponchant, P.
Chevillon, and G. Nassy. 2014. Co-products from meat processing:
The allocation issue. In: Proceedings of the 9th International
Conference on Life Cycle Assessment in the Agri-Food Sector
(LCA Food 2014), October 8–10, 2014, San Francisco; American
Center for Life Cycle Assessment, Vashon, Washington. pp. 438–442.
International Organization for Standardization (ISO). 2006a. Environmental management—Life-cycle assessment—Principles and framework. ISO 14040. ISO, Geneva. 20 pp.
International Organization for Standardization (ISO). 2006b. Environmental management—Life-cycle assessment—Requirements and
guidelines. ISO 14044. ISO, Geneva. 46 pp.
International Organization for Standardization (ISO). 2006c. Environmental labels and declarations—Principles and procedure (Type III
environmental declarations). ISO 14025. ISO, Geneva. 25 pp.
Jungmeier, G., F. Werner, A. Jarnehammar, C. Hohenthal, and K.
Richter. 2002a. Allocation in LCA of wood-based products experiences of cost action E9 part I. methodology. Int. J. Life Cycle Assess.
7(5):290–294.
Jungmeier, G., F. Werner, A. Jarnehammar, C. Hohenthal, and K.
Richter. 2002b. Allocation in LCA of wood-based products experiences of cost action E9 Part II. Examples. Int. J. Life Cycle Assess.
7(6):369–375.
Kaestner, D. 2015. Life cycle assessment of the oriented strand board and
plywood industries in the United States of America. Master’s thesis.
University of Tennessee, Knoxville. 111 pp.
Kline, D. E. 2005. Gate-to-gate life-cycle inventory of oriented
strandboard production. Wood Fiber Sci. 37(CORRIM Special
Issue):74–84.
Luo, L., E. Voet, G. Huppes, and H. A. U. de Haes. 2009. Allocation
issues in LCA methodology: A case study of corn stover-based fuel
ethanol. Int. J. Life Cycle Assess. 14(6):529–539.
Milota, M. 2015a. Life cycle assessment for the production of Paciﬁc
Northwest softwood lumber. CORRIM Final Report, Module B.
December 2015. 73 pp. www.corrim.org/pubs/reports.asp. Accessed
November 23, 2016.
Milota, M. 2015b. Life cycle assessment for the production of
southeastern softwood lumber. CORRIM Final Report, Module C.
December 2015. 72 pp. www.corrim.org/pubs/reports.asp. Accessed
November 23, 2016.
Muzzy, J. D., R. S. Roberts, C. A. Fieber, G. S. Faass, and T. M. Mann.
1983. Pretreatment of hardwood by continuous steam hydrolysis. In:
Wood and Agricultural Residues: Research on Use for Feed, Fuels,
and Chemicals. Academic Press, Cambridge, Massachusetts. pp. 351–
368.
Pelletier, N., F. Ardente, M. Brandão, C. De Camillis, and D. Pennington.
2015. Rationales for and limitations of preferred solutions for multifunctionality problems in LCA: Is increased consistency possible? Int.
J. Life Cycle Assess. 20(1):74–86.
Puettmann, M., R. Bergman, and E. Oneil. 2016a. Cradle to gate life
cycle assessment of North American cellulosic ﬁberboard production.
Final Report. American Wood Council. January 2016. 68 pp. http://
www.corrim.org/pubs/reports.asp. Accessed November 23, 2016.
Puettmann, M., R. Bergman, and E. Oneil. 2016b. Cradle to gate life
cycle assessment of North American hardboard and engineered wood
siding and trim production. Final Report. Composite Panel Association. July 2016. 77 pp. http://www.corrim.org/pubs/reports.asp.
Accessed November 23, 2016.
Puettmann, M., D. Kaestner, and A. Taylor. 2016c. Life cycle assessment
of softwood plywood production in the US Paciﬁc Northwest.
CORRIM Final Report, Module D1. October 2016. 55 pp. http://
www.corrim.org/pubs/reports.asp. Accessed November 23, 2016.
Puettmann, M., D. Kaestner, and A. Taylor. 2016d. Life cycle assessment
of softwood plywood production in the US southeast. CORRIM Final
Report, Module D2. October 2016. 56 pp. http://www.corrim.org/
pubs/reports.asp. Accessed November 23, 2016.
Puettmann, M., D. Kaestner, and A. Taylor. 2016e. Life cycle assessment
of oriented strandboard (OSB) production. CORRIM Final Report,
Module E. October 2016. 58 pp. http://www.corrim.org/pubs/reports.
asp. Accessed November 23, 2016.
395

Random Lengths. 2012. Random Lengths Yardstick. Vol. 22, issue 12.
Random Length Publications, Inc., Eugene, Oregon. 24 pp.
Reap, J., F. Roman, S. Duncan, and B. Bras. 2008. A survey of
unresolved problems in life cycle assessment. Part I: Goals and scope
and inventory analysis. Int. J. Life Cycle Assess. 13(2008):290–300.
Reed, D., R. Bergman, J.-W. Kim, A. Taylor, D. Harper, D. Jones, C.
Knowles, and M. E. Puettmann. 2012. Cradle-to-gate life-cycle
inventory and impact assessment of wood fuel pellet manufacturing
from hardwood ﬂooring residues in the southeastern United States.
Forest Prod. J. 62(4):280–288.
Salas, D. A., A. D. Ramirez, C. R. Rodrı́guez, D. M. Petroche, A. J.
Boero, and J. Duque-Rivera. 2016. Environmental impacts, life cycle
assessment and potential improvement measures for cement production: A literature review. J. Clean. Prod. 113(2016):114–122.
Sandilands, J. and N. Sullivan. 2014. The dangers of imposing allocation

396

rules in Environmental Declarations. Proceedings of the 3rd New
Zealand Life Cycle Assessment Conference, September 2–3, 2014,
Wellington, New Zealand. pp. 22–26.
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Abstract
An environmental product declaration (EPD) presents quantiﬁed environmental information on a product or process in a
simpliﬁed form. EPDs are based on the life-cycle assessment (LCA) of products conducted in accordance with standards of
the International Organization for Standardization. An LCA analysis ensures that the environmental impacts associated with
all processes undertaken to produce the product, ranging from extraction (cradle) to its ﬁnal product stage (gate) or postuse
disposal (grave), are included. To be able to present temporally accurate EPDs, the corresponding LCA data need to be
updated every 5 to 10 years, depending on the nature of the industry. In this article, we present the pros and cons associated
with using Web-based data collection tools to conduct and maintain temporally accurate LCA data. We also present the
lessons learned in using Web-based survey tools, with reference to the wood-based industry, and propose a methodology to
maintain temporally accurate LCA data with minimal intervention, facilitating periodic update of the EPDs.

O

ne of the greatest beneﬁts of using renewable biobased materials is their lower impact on the environment
relative to their nonrenewable counterparts. This is especially true for wood products, which not only store carbon
but also substitute for high-energy intensive materials, such
as steel, plastic, and concrete (Lippke et al. 2011). To
convey the environmentally beneﬁcial role associated with
wood products, it is of key importance that these beneﬁts are
communicated to consumers in a simpliﬁed and standardized manner. Environmental product declarations (EPDs)
fulﬁll the need for presenting the necessary quantitative

environmental information to consumers and businesses
(Bergman et al. 2014). The transparency and consistency of
EPDs are ensured by an international consensus regarding
environmental declarations Type III based on Standard
14025 of the International Organization for Standardization
(ISO 2006a). EPDs also meet demands for objectivity,
comparability, and credibility in presenting environmental
impacts, with necessary explanations and supporting
documentation. At the core of these EPDs are life-cycle
assessments (LCAs) conducted according to ISO Standards
14040 and 14044 (ISO 2006b, 2006c). An LCA analysis
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ensures that the environmental impacts associated with all
processes undertaken to produce a product, ranging from
extraction (cradle) to its ﬁnal product stage (gate) or postuse
disposal (grave), are included.
Data collection from the wood products industry to
develop life-cycle inventory (LCI) data is conducted
primarily using a combination of semistructured questionnaires, interviews, and site visits. Multiple LCIs corresponding to the raw materials used, material transportation
and handling, and energy inputs are then incorporated in an
LCA model to develop the life-cycle impact assessment of
the product under consideration. To capture the complexity
and variation associated within the production process, the
questionnaires used for data collection are typically long
and detailed. In almost all cases, an LCA expert needs to
interview multiple individuals within the production process
in order to collect accurate information. In addition,
depending on the nature of the industry, the availability of
reliable data is variable. Given the size of the facility and the
nature of the operation, the data collection process often
requires multiple visits and follow-up questions in order to
gather the necessary information or to provide clariﬁcation.

Major Hurdles in Developing and
Updating the LCAs
Independent of the industry under consideration, the most
signiﬁcant challenge of conducting an LCA of any industrial
product is gathering temporally accurate data. This is
especially difﬁcult in industries characterized by multiple
manufacturers producing the same generic product using a
broad range of technologies and raw materials. This is
especially true for engineered wood products manufactured
in the United States. Similar to most value-added products,
engineered wood products have multiple stages in their
supply chain, compounding the data collection issues. In the
remainder of this article, we discuss some of the major
hurdles that were encountered while collecting data for
creating LCAs of engineered wood products.

Temporal accuracy
The biggest hurdle in creating a temporally accurate LCA
of any product is the need for a coordinated effort in
acquiring temporally accurate LCIs for the various components within the supply chain. For the wood products
industry, the coordination of the data collection efforts
associated with the various supply chain components is a
key factor to ensuring the accuracy of the LCA. The
accuracy and timeliness of the LCA of an engineered wood
product would depend on the accuracy and temporal
proximity (within a deﬁned time frame, ideally the same
year) of not only the process associated with engineering the
wood product under consideration but also the processes
involved in the acquisition of raw materials, including
lumber, resin, packaging, and others. However, the time
frame associated with the temporal proximity for LCIs of
intermediary products may be determined by the relative
dynamicity of the industry under consideration.

Time-consuming data collection process
Another challenge associated with the data collection
process is the time-consuming nature of the survey and
interviews required to collect the information used to
develop the LCI. Given the nature of the data collected,
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the LCA expert often needs to talk to multiple individuals
within the manufacturing facility, including the individuals
responsible for procurement, accounting, manufacturing
operations, and environmental compliance, among others.
In certain instances, the LCA practitioners need to
supplement or complement the primary data with secondary
data.

Willingness to share data
The respondents’ reluctance to share what is often
considered to be sensitive data is a very common problem
in developing accurate LCAs. It is also common to
encounter trust issues associated with sharing some data
associated with proprietary or specialized processes. Within
the US forest products industry, willingness to share data
often depends on the strength of the existing relationships
between the surveyor and the respondents. In some
instances, conﬁdentiality concerns may lead to prolonged
discussions on the nature of the data that can be made
available to the public and ensuring the conﬁdentiality of
proprietary information, technology, and/or processes.

Other miscellaneous issues
Data issues can also be associated with the nature of the
manufacturing process under consideration or the general
environmental orientation of the respondents. Given the
fragmented nature of some of the sectors within the wood
products industry, absence of proper accounting procedures
and accurate data is common. On the other hand, innovative
companies with a signiﬁcant environmental focus are
generally especially diligent in maintaining and providing
quality data required for developing comprehensive LCAs.

Role of Web-Based Tools for Producing
Temporally Accurate LCAs for EPDs
For EPDs to be relevant, it is essential that the data used
to create the environmental assessment of any product
accurately reﬂect the existing practices of manufacturing
and delivering the product. Hence, temporally accurate
EPDs, within the context of the wood products industry,
require that the corresponding LCA data be updated every 5
to 10 years (Bergman et al. 2014). This intensive data
demand for developing and maintaining updated LCA data
requires adopting a streamlined and phased data collection
approach. In this section, we propose a Web-based
longitudinal data collection protocol and present the
advantages of using the proposed protocol.

Web-based longitudinal data collection
protocol
Based on the pooled LCA data collection experience
within the Consortium for Research on Renewable Industrial Materials network, especially in the forest products
industry, it is evident that an online tool will not be able to
replace the need for factory visits and interviews. However,
a hybrid approach involving a Web-based questionnaire
along with factory visits and/or phone interviews can
improve the data collection process. The proposed Webbased questionnaire will also serve as a data depository for
all industry data, where authorized personnel from individual manufacturing facilities will be able to log in and update
any changes in the manufacturing process. All such updates
will be assigned a time stamp and stored on the servers.
GANGULY ET AL.

Fluctuations in industry coverage can be monitored, as
production outputs from mills are updated on a yearly basis.
Low industry coverage may be addressed by contacting the
nonrespondents and by adding new entrants to the survey
pool. This will be a signiﬁcant improvement over the
snapshot LCIs that are currently produced and will facilitate
the longitudinal analysis of the wood products industry’s
environmental footprint.
Individually customized surveys.—A Web-based tool will
facilitate the utilization of detailed ‘‘skip logic’’ within the
survey protocol where respondents customize their paths
through the survey. For example, Respondent A, who
identiﬁes three sources of energy in the manufacturing
process—grid electricity, solar power, and hog fuel—would
be sent additional sets of detailed questions on each of these
sources of power related to the distribution of power use.
However, another respondent, Respondent B, who identiﬁes
only grid electricity as the source for power in the
manufacturing process, would not receive any questions
related to the use of solar power or hog fuel. Similarly, if
respondents indicated that they kiln dry their lumber and
apply a chemical preservative for outdoor use, their survey
would automatically be populated with questions related to
the kiln drying and lumber treatment processes. Given the
range of technologies used for producing the same product
in the US engineered wood products industry, autocustomization of surveys would play an especially important role in streamlining the line of questioning.
Incorporating ﬂexibility.—Within the online survey tool,
individuals would be provided with the option of creating
categories for responses and with clickable category-speciﬁc
options to populate the response. For example, in categories
like chemical use, creating an exhaustive list of chemicals is
almost impossible. The survey would include only the most
commonly used chemical preservatives in the drop-down
list with the option to list other preservatives in the ‘‘other
preservatives’’ list. Similar ﬂexibility would be provided for
machinery usage, where respondents would be given the
option of including information such as horsepower, number
of cylinders, and other relevant information.
Auto-ﬁlled longitudinal data.—Ease of gathering longitudinal data would be an important component of the
questionnaire design. This allows a respondent to go to
one’s previously completed survey and modify or add
information based on changes in the manufacturing process.
Following the completion and submission of their ﬁrst
survey, respondents would be directed to a URL where they
can access information that provides the details on how to
update their data in the future. Every time there is a change
in their manufacturing process, they would access their
online proﬁles, using a secured ID and password, to update
their data. Respondents would be periodically reminded to
update their data in order to ensure the relevancy of their
LCAs and EPDs. A number of security checks would be
used to ensure that only legitimate respondents could access
their unique survey URL.

Preliminary lessons learned
Over the past 3 years, a series of online surveys were
implemented for collecting data from various stages of the
US wood products industry, ranging from logging and
trucking operations to the ﬁnal value-added engineered
wood products production. During the data collection
exercise, we observed that utilizing online surveys as a tool
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to acquire data quickly and efﬁciently comes with certain
drawbacks, which are described in this section.
Issues with data reliability.—When trying to survey
respondents who work primarily in the ﬁeld, responses are
inherently difﬁcult to obtain. Most respondents do not have
the relevant data readily accessible, while many do not
compile and keep complete and up-to-date records (mileage
for transport, fuel use on site, and machine productivity).
Many of these data end up being estimates based on
secondary data, which can signiﬁcantly differ from actual
data.
Length of surveys.—Respondents who are involved in
multiple stages of the forest harvest and processing supply
chain will have numerous questions to answer. Online
surveys conﬁgure a logic based on the survey responses in
order to minimize survey fatigue and provide only relevant
questions.
High employee turnover and updating the data.—
Employing the same respondent to retake the survey across
multiple data cycles would help to minimize respondent
fatigue and reduce incomplete surveys. These respondents
would be familiar with the data required to complete the
survey and with the format of the online survey.
Respondents would be able to refer to their previous
responses. However, given the high employee turnover rate
within the forest products industry, follow-up phone calls
would still be required in order to update the LCI data.
Proprietary data and trust issues.—In the case of
surveying manufacturers, there are inherent issues with the
proprietary data that respondents may not feel comfortable
providing to the researcher. Examples of sensitive information include data related to fuel and electricity consumption
and other inputs (chemicals, resins, and specialized
equipment). These concerns can be addressed by providing
documentation on data privacy and sensitive data protection
protocols used by the researcher. Often, these data privacy
policies are established by the universities or reputable
research institutions, and the researchers are required to
follow the protocols.
Confusion about the questions.—When questions are
generalized for multiple respondents, the wording of the
questions may sometimes confuse the respondents. If this
occurs, the respondents may believe that they are unable to
answer the question, or they may mistakenly believe that the
question is not relevant to their process and may skip the
question, resulting in missing data. If not properly
addressed, the issue of missing data or nonresponse bias
could result in inaccurate LCA results.

Concluding Remarks
The need to ﬁnd an effective strategy for collecting timeseries LCI data is critical in ensuring temporally accurate
EPDs for forest products. The role of a longitudinal Webbased survey tool for data collection and the periodic update
of LCI data present signiﬁcant advantages over the current
practice of creating snapshot LCIs based on printed
questionnaires and extended factory visits. However, the
Web-based tool cannot completely replace the need for
factory visits and interviews with the respondents. Any
discrepancy in the data collected using a Web-based survey
needs to be validated via phone calls and/or site visits. If
incorporated sensibly, the proposed Web-based longitudinal
data collection protocol for developing temporally accurate
LCAs and EPDs would prove to be an effective and efﬁcient
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approach to collecting and updating the LCI data that form
the basis of the LCA and accurate EPDs.
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