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Background 
Historically, a preferred environmental product was one that was made from renewable or recycled 
resources. Today, carbon footprints dictate some purchasing preferences across sectors. Wood-based 
products that have low embodied carbon (emissions from production measured in carbon dioxide 
equivalents (CO2e)) and energy are sought out though other functional aspects such as longevity, 
durability, recyclability, and disposal options other than landfilling are also desired.  

Producing all materials, renewable and non-renewable, has environmental impacts. Life cycle 
assessment (LCA) has become increasingly important as a tool used by all industries to inform product 
and process designs that minimize energy consumption and carbon release. For wood products, 
international standards and the North American Wood Product “Product Category Rule” (PCR) provide 
guidance on reporting the LCA of wood products that meet international verification standards. These 
reports are always on a product production basis (e.g. functional unit of a cubic meter, or metric ton, or 
square meter of material). LCA typically does not assess social aspects of sustainability and rarely does a 
product LCA consider impacts back to the landscape level, or in our instance reporting the impacts of 
producing a specific wood product back to the forest from which the wood was harvested.  That level of 
granularity has not previously been possible beyond specific cases with high impact (and good budgets) 
like the data used for the wood that went into the award-winning Portland International Airport (PDX) 
renovation.   

Given the goal and scope of this project, advances were made towards increasing the granularity of LCA 
estimates that could be incorporated into the spatial database effort developed concurrent with this 
project as part of the larger Washington State Small Forest Landowner Carbon Workgroup (hereafter 
CWG) authorized under SB 5126 (2021).   

As part of the CWG, CORRIM was asked to determine carbon implications from harvesting wood 
products (HWP) by small forestland landowners (SFLO) in Washington State. The goal was to link the 
wood product (e.g., lumber, plywood, pulp) to harvested volumes directly from SFLO using a life cycle 
assessment (LCA) methodology. Understanding the wood and carbon flows would contribute to the 
assessment of carbon impacts of HWP that could be incorporated into the broader assessment of forest 
land management activities.  The LCA results were used to develop the cradle to gate embodied carbon 
for each product produced from SFLO. Linking the embodied carbon to carbon stocks and storage in 
products provides an overall understanding of SFLO’s contribution to Washington State’s forest sector 
carbon sequestration. 

The Timber Product Output (TPO)1, though dated (2018), can provide a general understanding of 
harvested species and end use allocation (Figure 1).  These allocations can be further supported by the 
American Wood Councils online LCA reporting surveys that show the industries that are producing wood 
products in the State of Washington. Due to significant differences in forest productivity, recovery 
potential, carbon footprint, and milling infrastructure, this analysis separates the LCA into the westside 
and eastside of Washington (Figure 2). 

 

 
1  https://www.fs.usda.gov/research/products/dataandtools/tools/timber-products-output-tpo-interactive-reporting-tool 
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Figure 1 Allocation of wood products by forest species representing total harvest for Washington State 
(TPO 2018) 

Figure 2 Allocation of wood products by west and eastside for Washington State (TPO 2018) 
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1 What is Life Cycle Assessment 
Life-cycle assessment (LCA) has evolved as an internationally accepted method to analyze complex 
impacts and outputs of a product or process and the corresponding effects they might have on the 
environment. LCA is an objective process to evaluate a product’s life cycle by identifying and quantifying 
energy and materials used and wastes released to the environment; to assess the impact of those energy 
and materials uses and releases on the environment; and to evaluate and implement opportunities to 
effect environmental improvements. LCA studies can evaluate full product life cycles, often referred to as 
“cradle-to-grave”, or incorporate only a portion of the products life cycle, referred to as “cradle-to-gate”, 
or “gate-to-gate”. This study can be categorized as a cradle-to-gate LCA as it includes forestry operations 
through production of the product ready for shipment. 

As defined by the International Organization for Standardization (ISO 2006a-b)2, LCA is a multiphase 
process consisting of a 1) Goal and Scope Definition, 2) Life Cycle Inventory (LCI), 3) Life Cycle Impact 
Assessment (LCIA), and 4) Interpretation (Figure 3). These steps are interconnected, and their outcomes 
are based on goals and purposes of a study.  

 

 

Figure 3 Steps involved in a life cycle 
assessment. 

 

An LCA begins with a project goal, scope, 
functional unit, system boundaries, any 
assumptions and study limitations, method 
of allocation, and the impact categories that 
will be used.  

The key component is the LCI which is an objective, data-based process of quantifying energy and raw 
material requirements, air emissions, waterborne effluents, solid waste, and other environmental 
releases occurring within the system boundaries. It is this information that provides a quantitative basis 
for comparing wood products, their manufacturing processes and, alternatives to their production and 
use. 

The LCIA process characterizes and assesses the effects of environmental releases identified in the LCI 
into impact categories such as global warming, acidification, eutrophication, ozone depletion, and smog. 

 
2 International Organization for Standardization ISO. 2006a. Environmental management—Life-cycle assessment—
Requirements and guidelines. ISO 14044:2006/Amd1:2017/Amd:2:2020. International Organization for Standardization, 
Geneva, Switzerland. 46 pp/8 pp/12 pp/. 
International Organization for Standardization ISO. 2006b. Environmental management—Life-cycle assessment—Principles and 
framework. ISO 14040. International Organization for Standardization, Geneva, Switzerland. 14040:2006/Amd1:2020. 20 pp/8 
pp. 
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The life cycle interpretation is a phase of LCA in which the findings of either the LCI or the LCIA, or both, 
are evaluated in relation to the defined goal and scope to reach conclusions and recommendations. This 
final step in an LCA involves an investigation of significant environmental aspects (e.g., energy use, 
greenhouse gases), their contributions to the indicators under consideration, and which unit processes 
(e.g. wood drying, transport) in the system are generating the emissions. For example, if the results of a 
LCIA indicate a particularly high value for the global warming potential indicator, the analyst could refer 
to the inventory to determine which environmental flows are contributing to the high value, and which 
unit processes contribute to those outputs. This is also used as a form of quality control, and the results 
can be used to refine the scope definition to focus on the more important unit processes. This step also 
supports arriving at more certain conclusions and supportable recommendations. 

2 Methods 
2.1 System Boundary 
Information modules included in the LCA are shown in Table 1 and Figure 4. This LCA includes modules 
A1-A3 for cradle-to-gate analysis. Additional declared Modules include End of Life (EoL) stages (C2 – C4) 
to complete a cradle-to-grave module inclusions (ISO 21090 5.2.2)3. Due to data gaps, the impact of 
deconstruction and waste processing (Module C1 and C3) are considered null for this LCA (Sahoo et al. 
2021).  

Both human activity and capital equipment were excluded from the system boundary. Human activity 
involved in the manufacturing of any wood product no doubt has a burden on the environment. 
However, the data collection required to properly quantify human involvement is particularly 
complicated and allocating such flows to the production of materials as opposed to other societal 
activities was not feasible for a study of this nature. Typically, human activity is only considered within 
the system boundary when value-added judgements or substituting capital for labour decisions are 
within the study scope. These types of decisions are outside the current goal and scope of this study.  

Table 1 LCA system boundary modules (ISO 21930). MND – Module Not Declared (not part of this LCA) 
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3 International Organization for Standardization ISO. 2017. Sustainability in buildings and civil engineering works – Core rules for 
environmental product declarations of construction products and services. International Organization for Standardization. 
Second edition (ISO 21930:2017-07) 80pp. 
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X X X MND MND MND MND MND MND MND MND MND MND MND MND MND MND 

(a) 

 
(b) 

 
Figure 4 Cradle to gate system flow for all wood products and management scenarios for (a) westside 
and (b) eastside 

For forestry operations, the system boundary is characterized by a mix of the components shown in 
Figure 4 consistent with the silvicultural system inputs and treatment scenarios for each forest type and 
management scenario. System boundaries for HWP are shown in Figure 5. 
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Figure 5 Wood products system boundary including by-product end uses 

Specific data used are described in the following sections for Forest Resources Operations and Harvested 
Wood Products. All secondary data for chemicals, transportation, energy, fuels, and pulp & paper utilized 
available literature and available LCI processes as part of Datasmart 2023 (LTS 2023)4, Ecoinvent (v3.8) 
(Wernet et al. 2016)5, and the USLCI dataset. All LCA modeling was performed with SimaPro software v. 
9.5 (Pre 2023)6.  

2.2 Forest Resources 
Full carbon accounting that includes harvested wood products (HWP) requires estimates of the harvest 
volume and its allocation to a range of products, each with different recovery rates and uses.  For region 
wide estimates weighted average values representing the most common practices are needed.  For the 
scope of this project, site specific data were needed to link back to the statewide database developed by 
NRSIG.  The Forest Inventory and Analysis (FIA) plots in Washington State were aggregated by owner 
group by NRSIG. Individual plot data proved too unwieldy for forest resource LCA generation therefore 
data values were generated for each owner type, major forest type, region, and sub-region.  Harvest 
simulations were conducted for each plot based on a series of logical estimation procedures that 
evaluate diameter, yield, piece size, and stocking.  These harvest treatments, including a light thin, heavy 
thin and final harvest were implemented and the resulting log volumes were estimated based on 
regionally relevant log scaling rules. Treatment prescriptions employed are found in Table 2. 

4 LTS. 2023 Datasmart LCI Package http://ltsexperts.com/services/software/datasmart-life-cycleinventory/ 
5 Wernet, G., Bauer, C., Steubing, B., Reinhard, J., Moreno-Ruiz, E., & Weidema, B. (2016) The Ecoinvent database version 3 
(part I): overview and methodology. The International Journal of Life Cycle Assessment, 21, 1218–1230. 
6 Pré Consultants, B.V. 2023. SimaPro 9.5.0 Life-Cycle Assessment Software Package. Plotter 12, 3821 BB Amersfoort, The 
Netherlands. Http://www.pre.nl/. 

http://www.pre.nl/
http://www.pre.nl/
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Table 2: Silvicultural Prescriptions for Statewide Treatment and Yield Assessment. 

Yield data were disaggregated by scaling diameter (small end of the log merchandized to either 32’ 
(westside Scribner log scaling rules) or 16’ (eastside Scribner log scaling rules) to facilitate the 
assessment of harvest and milling life cycle assessments (LCA).  The LCA data, specifically the carbon 
foot-printing component of the LCA, was provided for future integration into the demonstration tool for 
the remote sensing-based forest carbon program. Significant progress was made to link the HWP and 
forest carbon components in this project, but additional work is needed to increase granularity of the 
LCA carbon estimates based on site specific stand parameters.   

Appendix 2, Table 18 through Table 23 provide the scaling diameter distributions by region, sub-region 
(FVS variant), treatment type (Prescription (Rx)), and major forest type for FIA plots that exist on small 
forest landowner properties.   Graphically the scaling diameter distributions for small forest landowner 
plots can be compared to the regional distribution for all owners by comparing Figure 6 to Figure 7 for 
westside forests, and Figure 8 to Figure 9 for eastside forests.  While the general trends are similar across 
all ownerships, the lower stocking and smaller diameter distributions found on SFLO lands is skewed 
towards smaller log sizes in nearly all cases.  Volume harvested from SFLO properties is also substantially 
lower than the average across all owners with only minor exceptions.  This finding suggests that 
improved forest management pathways that a) improve stocking and b) manage competition could 
provide viable carbon improvements, both in the forest and in the HWP carbon pools.  Additional 
comparisons for hardwood and redcedar forests are shown in Appendix 2.  

Residual TPA Targets 
Treatment Name West East 

Final Harvest 5 5 
Light Thin 250 200 
Heavy Thin 150 100 
Precommercial Thin 300 300 
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Figure 6: Westside Scaling Diameter by Prescription, Subregion, and Treatment – all owners 

Figure 7: Westside Scaling Diameter by Prescription, Subregion, and Treatment for Conifer Dominated 
Stands – SFLO 
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Figure 8: Eastside Scaling Diameter by Prescription, Subregion, and Treatment – all owners 

Figure 9: Eastside Scaling Diameter by Prescription, Subregion, and Treatment for Conifer Dominated 
Stands – SFLO 
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Scaling diameter distributions coupled with yield were used to create harvesting equipment and logging 
productivity profiles representative of each region and prescription (light and heavy thin plus final 
harvest).  These profiles were used to produce a range of harvesting LCA that were used as upstream 
data in the HWP for the most common products produced from these forests. This forestry allocation 
method is consistent with national and international standards for LCA. Details on these findings are 
provided in section 3.1  

Forest management was not included in the forest resource LCA alternatives for this iteration of the 
carbon foot-printing tool. The rationale for this exclusion is driven by the allocation processes used in 
LCA.  In short, without a known volume per acre, per acre data inputs cannot be correctly allocated 
within the LCA. Based on our historical analysis this exclusion is likely to add approximately 5-8% to the 
forestry carbon footprint depending on the volume removed, with higher per acre volume removals 
resulting in lower overall footprints per cubic meter of wood.   Method development and database 
programming to account for site specific forestry operations allocations (i.e. dependent on the stand 
boundaries chosen) were outside the scope of the work envisioned for this project, but we have 
provided specific examples as ‘proof of concept’ for future integration.    

In addition to the statewide harvesting LCA data inputs for the database tool, we also conducted a case 
study that explores the LCA impacts of management.  This excellent dataset provides a rare examination 
of the trade-offs between low, moderate, and high intensity management.  It has contributed 
significantly to the recommendations on ‘improved forest management’ for carbon market and carbon 
incentive programs as well as pointing the way for what is needed to incorporate ‘longer rotations’ as a 
credible, defensible market strategy.   

2.2.1 A Case Study on Improved Forest Management   
Carbon foot-printing developed from a Tale of Three stands was used to explore the range of carbon 
consequences from improved forest management in our westside forests.  This long-term retrospective 
management experiment was fully documented by WFFA members, Bryon and Donna Loucks, over a 35-
year period.  We gratefully acknowledge their willingness to share detailed data on planting, thinning, 
density management and harvest.  These data were used to compile and generate the data shown in 
Table 3.   

The 3 stands started out identical: planted with 600 Douglas-fir per acre and thinned at age 11 to 300 
trees per acre.  Stand 1 was left for 30 years and then harvested.  Stand 2 had a commercial thin and 
then a final harvest at 43 years and stand 3 had 2 commercial thins and then a final harvest at year 45.  
The difference in log size is substantial, though the yield doesn’t vary by much.  Note that pulp volume 
(*) was converted to BF at 8.75 tons/MBF by the landowner.  This conversion is carried through the 
analysis of tons, carbon, and carbon footprint.   

  

https://www.wafarmforestry.com/sites/default/files/pdfs/Education/SFLO101/17-TaleOf3Stands.pdf
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Table 3: A Tale of Three Stands silviculture, harvesting, and yield comparisons 

Treatment Regime Stand 1 - Low intensity Stand 2 -Moderate 
intensity 

Stand 3 -High intensity 

Age at harvest 41 43 45 
Per acre values 

Pre-commercial thin - age 
11 

300 300 300 

Stocking at final harvest 230 153 100 
# commercial entries 1 2 3 
Commercial Thin #1 0 4,500* 4,500* 
Commercial Thin #2 0 4,273* 

Gross Board Feet (BF) 27,972 27,629 29,935 
Net BF Final harvest 25,808 26,485 27,927 

Total volume removed 
(merch + non-merch) 

27,972 32,129 38,708 

Green metric tons 
removed 

168 253 219 

Metric tons of carbon 
removed 

51 77 67 

Metric tons of carbon per 
year in product 

1.25 1.79 1.48 

Log allocation across all stand entries 

#2 sawlog (>12" scaling 
diameter) export log 

0.0% 41.0% 78.3% 

9-11.9" export log. 53.3% 31.0% 
#3 and #4 sawlog (5-6" 

scaling diameter) 
33.6% 21.0% 10.7% 

pulp 9.4% 7.0% 11.0% 
hardwood 3.7% 

Stand 1 had stopped growing and was experiencing significant mortality and loss of live crown.  
Silvicultural treatment alternatives for such a stand are limited as thinning is unlikely to create a release 
in a meaningful timeframe given the lack of live crown, and the instability of the remaining trees 
substantially increases their risk of windthrow while those crowns develop.  Thus, the window of 
opportunity for improved forest management on the stand was largely closed. Under these conditions a 
harvest and replant scenario is likely to create the largest carbon benefit.   

Stand 2 appears to be a sweet spot, both in terms of harvest value and its carbon sequestration per year 
potential. It generates family income on a 40-45 year time frame (every 2nd generation), but can be 
modified for longer rotations if the value and carbon benefit support that alternative.        

The landowners acknowledged that Stand 3 was still growing really well when it was harvested at 45 
years.  The stand could have been held another 10-15 years without much expected loss, though there 
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was concern that individual trees would become too large to attain the high values received from the 
final harvest at age 45 because oversize logs are worth less, and sometimes a lot less, than logs with 
large end diameters less than 28”.  The landowner, who also had significant forestry expertise, expected 
that if they had been able to leave Stand 3 for another 10-15 years it would have continued to 
accumulate volume and thus carbon, perhaps reaching 50,000 BF/acre by age 60.   

We used those estimates to conduct a scenario analysis on the yield and carbon consequences of 
managing Stand 3 as it had been managed by extending the rotation to year 60.  The comparisons are 
shown in Table 4, for all parameters but log allocation as we do not have enough detail to speculate on 
log sort distributions for such a stand.  While the metric tons of carbon removed is 55% higher for the 
extrapolation of stand volume by extending the rotation 15 years, the carbon removed per year is only 
17% higher and still does not equal the carbon removed/year by Stand 2 at 43 years.  This interplay 
between density, growth, stand dynamics, soil productivity, (and probably a good deal of luck) means 
that there can be no one size fits all criteria or recommendation for ‘improved forest management’ or 
‘extended rotations’.   

Table 4: Experienced and Extrapolated (*) harvesting and yield comparisons for extended rotation 
stands under managed conditions. 

Treatment Regime Stand 3 -High intensity Stand 3 – Extended 
Rotation Pathway* 

Age at harvest 45 60 
Per acre values 

Pre-commercial thin - age 11 300 300 

Stocking at final harvest 100 85 

# commercial entries 3 3 

Commercial Thin #1 4,500 4,500 
Commercial Thin #2 4,273 4,273 
Gross Board Feet (BF) 29,935 50,000 
Net BF Final harvest 27,927 46,646 

Total volume removed (merch + non-merch) 38,708 58,773 

Green metric tons removed 219 341 

Metric tons of carbon removed 67 104 

Metric tons of carbon per year in product 1.48 1.73 

This case study shows that each stand is unique and should be assessed from the perspective of the 
potential range of options available.  Building on the database tools that NRSIG has developed should 
help make transparent the landowner choices for reasonable silvicultural pathways and the range of 
carbon consequences that can be expected under these pathways.  Ideally these details can be 
automated so that either forestry navigators or experienced landowners can use the tool for planning 
and proposal purposes.  Ultimately, improvements in granularity and estimation procedures will be 
needed for the tool to be accepted as part of the carbon assessment process for verifying carbon 
standards organizations.   
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2.3 Harvested Wood Products 
For the harvested wood products manufacturing, CORRIM has collected regional wood products 
production data for over 20 years, and this data served as the base data for the LCAs. Thus, the collection 
of primary production data (LCI input data) from wood product manufacturers in Washington was not 
needed. Each product used CORRIM LCI data and reporting with modifications to electricity grids and 
roundwood inputs (Forest Resources) and mill allocations based on log diameter. The pulpwood model 
for the production of pulp for paper was developed using LCI databases as part the Datasmart (2023) 
and Ecoinvent (v3.9) datasets within the SimaPro software.  

Based on data availability, we assumed the main harvest volumes were sawlogs. This is further 
supported by the TPO product allocation for sawlogs which was 75 percent for the westside and 69 
percent for the eastside (Figure 6). Furthermore, this LCA assumes all softwood roundwood for sawlogs 
and is also supported by the TPO data which represents 93 percent and 98 percent of the volume 
harvested for the westside and eastside, respectively. 

  

http://www.corrim.org/
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(a) 

 
(b) 

 
Figure 10 Allocation of wood products by forest species representing westside (a) and eastside (b) 
harvest for Washington State (TPO 2018) 
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2.3.1 Softwood Lumber Manufacturing 
Softwood lumber manufacturing used two different LCA models. The first is the regional Pacific Coast 
LCA which represents western Washington and Oregon, and northern California (Puettmann 2024)7. This 
LCA model was used for all final harvest and BAU PNW (Table 2). For all thinning scenarios, a 
representative Washington “sawmill” was developed using a roundwood input of less than 8-inches 
small end diameter. See Appendix 1 for a Case Study.  

Table 5 Westside management scenarios and associated softwood lumber model use 

Management Scenario LCA Softwood Lumber Model Source 

PN/WC Final Harvest Regional LCA model Puettmann 2024 

AK Final Harvest Regional LCA model Puettmann 2024 

PN/WC/AK HT Manag. Representative sawmill <8” log input  

PN/WC/AK HT Unmanaged Representative sawmill <8” log input  

PN/WC/AK LT Manag. Representative sawmill <8” log input  

PN/WC/AK HT Unmanaged Representative sawmill <8” log input  

BAU PNW Regional LCA model Puettmann 2024 
 

Lumber manufacturing was divided into three-unit processes: log yard/sawing, drying, and planing. The 
wood boiler represents a fourth process that provides steam for drying. Figure 7 shows the relationship 
between the processes and the woody inputs to and from each process. The primary product from 
softwood sawmills is construction grade lumber. Other products (by-products) are also made when logs, 
which are round in cross section, are processed into lumber, which is rectangular in cross section. These 

by-products could include chips for 
pulp and sawdust and shavings for 
panels, paper, or fuel. Logs arrive at 
the mill with much of the tree’s bark 
intact. The bark is removed and used 
for fuel or sold for landscaping. 
Another product of the mill is hog 
fuel, which can be bark or a mix of 
bark and wood depending on how 
individual mills classify it. Hog fuel 
goes to a boiler or can be sold 
(Figure 8).  

 

 

  

 
7 Puettmann, M. 2024. Life cycle assessment of softwood lumber production-Pacific Coast. CORRIM Draft Report. 47pp 

Figure 11 Sawmill unit processes from roundwood to planed dry 
lumber from logs 
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CORRIMs extensive LCA reports have a 
plethora of data that support Figure 8 and 
the use of the byproducts. Based on 2012 
surveys, the softwood lumber industry 
generated 17,125 thousand metric tons of 
wood residues, while the plywood industry 
generated an additional 2,470 thousand 
metric tons. Durable wood products such as 
wood composite panels (WCP) use 
approximately 9,705 thousand metric tons 
of these residues annually (Table 3). The 
softwood lumber industry in PNW generated nearly 100 percent of their heat energy from these 
residues for drying wood (www.corrim.org). The plywood industry used 98 percent of their residues to 
dry veneer or supply steam to presses. 

Table 6 Byproduct use in various composite panel products, survey data. Byproducts originate from 
both hardwood and softwood lumber industries. 

Product 
Demand mt/annual 

production 
Fiberboard 202,085 
Hardboard 668,837 
Particleboard 4,962,033 
MDF 3,872,950 
Total used 9,705,905 

 

Two products were chosen for downstream end use of the byproducts from softwood lumber facilities: 
composite panels and pulp & paper. For these LCA models we assumed that 100 percent of the input 
feedstock to these manufacturing process is from the by-products of softwood lumber manufacturers in 
the form of chips and sawdust. This assumption is supported for composite panels from recent LCAs 
where 84 percent of the input feedstock for particleboard production and 81 percent for MDF was from 
mill residues. The products used in this LCA for utilization of Washington sawmill residues are medium 
density fiberboard and uncoated freesheet paper. The uncoated freesheet paper model reported 
approximately 66 percent of the input feedstock from mill residues.  

2.3.2 Substitution Impacts 
Every product and use have a different carbon impact. Substitution analysis reports on the emissions of 
wood products versus an equivalent alternative building material. It is based on three components:  

• How much carbon does the product store?  
• What is the product embodied carbon?  
• What is the displacement between two functional equivalent products? 

Figure 12 Wood biomass flow in an average PNW 
softwood lumber production facility. Data is based on 
survey of manufacturers in the PNW 

http://www.corrim.org/
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Wood is 50 percent carbon by dry weight. That carbon remains in the product for its lifetime. Most 
comparable product alternatives do not store carbon, though efforts are underway to develop technical 
methods for concrete to store carbon.   

Wood growth, harvest, and manufacturing generates less carbon emissions than most other non-
biobased materials.  Differences arise because the non-biobased materials usually emit substantially 
more fossil fuel emissions during production. These differences for functionally equivalent materials 
(e.g., steel stud vs wood stud) translate into climate benefits from using wood products as measured in 
carbon equivalents. They are reported as a substitution value or substitution pool.  

When substitution benefits or avoided emissions are of interest, the carbon storage of the product can 
have a significant impact. The difference between the embodied carbon and the carbon storage gives the 
net carbon value (Eq 5.1). 

Equation 5.1: 

𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 (𝑮𝑮𝑮𝑮𝑮𝑮𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭) − 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒊𝒊𝒊𝒊 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 = 𝑵𝑵𝑵𝑵𝑵𝑵 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 (−)𝒐𝒐𝒐𝒐 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 (+)   

Equation 5.2 calculates the carbon (as CO2) displaced or avoided emission because a wood product was 
used over an alternative material. Another way of stating this is carbon not emitted because a wood 
product was used over an alternative 

Equation 5.2: 

𝑁𝑁𝑁𝑁𝑁𝑁 𝐶𝐶𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒊𝒊𝒊𝒊 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 𝒐𝒐𝒐𝒐 𝒕𝒕𝒕𝒕𝒕𝒕 𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 − 𝒏𝒏𝒏𝒏𝒏𝒏 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 𝒐𝒐𝒐𝒐 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 = 𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆  

The displacement calculation incorporates the value in the net carbon storage of a wood product 
(difference in emission and storage) and the net carbon emission or storage of the alternative (Eq. 5.3). 

Equation 5.3: 

−𝟏𝟏𝟏𝟏.𝟗𝟗𝟗𝟗 𝒌𝒌𝒌𝒌 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪.−𝟏𝟏𝟏𝟏.𝟗𝟗𝟗𝟗 𝒌𝒌𝒌𝒌 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 =  −𝟑𝟑𝟑𝟑.𝟖𝟖𝟖𝟖  Carbon displacement     

These concepts are illustrated in Figure 13, using a functional unit of square meter of wall or floor made 
with wood inputs versus non-wood inputs.  Here the signs (+/-) are reversed so that avoided emissions 
show up as a benefit (net wood becomes positive, net steel is negative, the difference is a positive 
benefit).  This is in contrast to the IPCC and US GHG reporting which shows atmospheric reductions as 
negative values.   
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Figure 13 Example of showing how substitution benefits of wood can be presented. Source: 
www.corrim.org 

3 LCA Results 
3.1 A1- Forest Resources 

3.1.1 Regional and Sub-regional Harvesting LCA Results 
LCA data representative of SFLO harvest intensities by region (westside/eastside), sub-region (using the 
proxy of FVS variant), and treatment type (light thin, heavy thin, and final harvest) were generated based 
on model inputs from the NRSIG generated scaling diameter distributions, harvesting efficiencies 
complied from prior research (Oneil and Puettmann, 2017), (Oneil 2021), and unpublished survey data 
gathered for this project.  As noted in the Forest Resources section (2.2), a decision was made to exclude 
forest management in the forest resource LCA alternatives for this iteration of the carbon foot-printing 
tool. This means that the INW BAU and Average PNW harvest values are expected to be higher than 
harvest only scenarios as they include management activities.  That is not always the case as Table 7 
shows higher values for some of the thinning scenarios.  These high values reflect the carbon costs of 
low intensity management that employs light thinning for stand maintenance.   

Table 7: Forest Harvesting GWP and its relationship to A1 for Westside Rx and Sub-regions 

treatment unit Forest Harvesting GWP* A1 Ratio1/ 

PN/WC final harvest 6.31 7.88 1.25 
AK final harvest 7.06 8.83 1.25 
PN/WC/AK heavy thin, managed stands 7.04 8.36 1.19 
PN/WC/AK heavy thin, unmanaged stands 8.80 10.45 1.19 
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PN/WC/AK light thin managed stands 11.82 14.03 1.19 
PN/WC/AK light thin unmanaged stands 17.73 21.04 1.19 
average PNW harvest* (includes management) 8.88 15.47 1.74 

1/ allocated log input for wood production, includes self-generated fuel from the log input 

Table 8: Forest Harvesting GWP and its relationship to A1 for Eastside Rx and Sub-regions 

treatment unit Forest Harvesting GWP* A1 Ratio1/ 
IE/EC light thin  12.08 15.34 1.27 
BM light thin  11.01 13.98 1.27 
IE/EC/BM heavy thin  10.36 13.16 1.27 
IE/EC/BM final harvest 9.71 14.76 1.52 
BAU INW (includes management)* 13.10 20.17 1.54 

1/ allocated log input for wood production, includes self-generated fuel from the log input 

 

3.1.2 A Tale of Three Stands Case Study Results 
 
The log allocation from a Tale of Three Stands case study (Figure 14), combined with specific input data 
on forestry operations, thinning operations, and harvesting efficiency were used to generate a forest 
resources LCA comparison using SimaPro 9.5.2 (Pre 2024) (Figure 15).   

Figure 15 shows that stands 2 and 3 have a 12 to 13% lower carbon footprint per m3 than stand 1 
despite having 1 and 2 more stand entries respectively.  These results are largely a factor of the high 
volume per acre on these managed stands concentrated on fewer, larger trees and the subsequent 
harvest efficiencies that occur under those conditions. In this case study the thinning impact is not 
dominating the final outcome because it represents on 13% and 12% of total stand volume in stands 2 
and 3 respectively.       
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Figure 14: Log allocation by diameter distribution of A Tale of Three Stands 

 

 

Figure 15: Carbon Footprint/m3 for Planting, Thinning and Harvesting for A Tale of Three Stands. 

 

 

3.2 A1-A3 Harvested Wood Products 

3.2.1 Softwood Sawlog to Lumber 
The fraction of log cubic volume recovered as lumber is called the cubic recovery ratio (CRR). It is an 
accurate and consistent measure of the conversion efficiency used in scanners in sawmills to measure 
the log and lumber dimensions. As log diameter increases, the fraction of the log recovered as rough 
green lumber increases, and the fraction of by-products such as chips decreases while sawdust 
decreases. In a Case Study Using LCA to predict impacts based on log diameter (Appendix 1), 
representative softwood producers for western Washington, the CRR ranged from 0.46 to 0.68. The CRR 
for Pacific Coast sawmills was 0.497 m3

lumber/m3
log (Puettmann 2024). Table 4 shows the difference in log 
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allocation depending on the sawmill model used, log input, and CRR for both west- and eastside sawmill 
models. 

Table 9 Log volume used, allocation to final product, and cubic recovery ratio for the LCA softwood 
sawmills models 

Sawmill LCA Model Log allocation 
Input Log m3/m3 of 
product produced 

(unallocated) 

Cubic Recovery 
Ratio 

Westside <8” log 56.2% 1.74 0.56 
Westside BAU 52.6% 1.90 0.53 
Eastside <8” log 34.4% 2.91 0.34 
Eastside BAU 48.2% 2.32 0.48 

 

All carbon dioxide flows (kg CO2eq) presented in the following figures are allocated to a cubic meter of 
softwood lumber and do not include any by-products leaving the system boundary. The carbon 
accounting reported uses the embodied carbon and the carbon stored in the wood product. Carbon 
storage is based on the carbon content of the wood product converted to CO2e. Table 5 shows the cradle 
top gate embodied carbon by life cycle module for softwood lumber manufacturing. The A2 and A3 
modules are constant within each LCA softwood lumber model that was used. As mentioned above, all 
final harvest scenarios used the Pacific Coast softwood lumber LCA (Puettmann 2024), while the thinning 
scenarios used a Washington representative sawmill processing logs under 8-inches (Table 2). The A1 
module differs due to equipment use differences and frequencies as described above. Figure 10 shows 
the relative differences between each life cycle module (A1-A3) for both west – eastside management 
scenarios. Differences between the two regions for A2 and A3 modules are mostly driven by log 
allocation. Both softwood models derived most of the onsite energy from self-generated fuels, while the 
smaller log diameter model had lower lumber allocations (Table 5). The eastside sawmill’s primary 
product, lumber, would have less of the mill operations (energy consumption), than the allocation of mill 
inputs to westside sawmills. Surprisingly, the smaller diameter sawmill model for the westside had a 
higher allocation than the BAU Pacific Coast regional sawmill model.  

Table 10 Embodied carbon, kg CO2e/m3, for softwood lumber production for each management 
scenario and life cycle module. 

Management Scenario A1 - 
Forestry  

 A2 - 
Transport  

 A3 - 
Manufacturing   TOTAL  

Westside Embodied Carbon kg CO2e per m3 of product 

PN/WC Final Harvest  7.88   8.69   49.65   66.22  

AK Final Harvest  8.83   8.69   49.65   67.16  

PN/WC/AK HT Managed  8.36   9.72   80.32   98.41  

PN/WC/AK HT Unmanaged  10.45   9.72   80.32   100.50  

PN/WC/AK LT Managed  14.03   9.72   80.32   104.08  

PN/WC/AK LT Unmanaged  21.04   9.72   80.32   111.09  

BAU PNW Final Harvest  15.47   8.69   49.65   73.81  

Eastside Embodied Carbon kg CO2e per m3 of product 

IE/EC LT  15.34   6.53   19.02   40.88  
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BM LT  13.98   6.53   19.02   39.52  

IE/EC/BM HT  13.16   6.53   19.02   38.70  

IE/EC/BM Final Harvest  14.76   11.09   41.95   67.80  

BAU INW Final Harvest  20.17   11.09   41.95   73.21  
 

(a) 

 
(b) 

 
Figure 16 A1-A3 embodied carbon by life cycle stage for management scenarios using representative 
softwood lumber mills from western (a) and eastern (b) Washington. Assumes all harvest is sawlog 
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3.2.2 Carbon Storage 
One method of describing net carbon impacts of HWP is simply to track the embodied carbon of 
production, measuring the biogenic carbon stored in the product, and taking the difference between the 
two as the net carbon impact. For most wood products this value is negative. In other words, most HWP 
store more carbon than is emitted during production. This is shown in Table 11 for the first three life 
cycle stages, A1-Forestry operations, A2-Transportation of resources to manufacturing, and A3-
Production of the wood product. The storage values are based on the oven dry density of the product 
with variations based on regional species mixes as reported by Puettmann 20248. For the westside 
species mix the oven dry density is 495.23 kg/m3 and for the eastside species mix the oven dry density is 
470.74 kg/m3. Figure 17 shows the relationship between embodied carbon, storage, and net carbon 
impacts graphically. 

Table 11 Embodied carbon, carbon storage, and net carbon for softwood lumber produced from each 
for management scenario for west- and eastside Washington 

A1-A3  Embodied Carbon   Storage   Net  
Westside kg CO2e per m3 of product 

PN/WC Final Harvest  66.22   (907.92)  (841.70) 
AK Final Harvest  67.16   (907.92)  (840.76) 
PN/WC/AK HT Managed  98.41   (907.92)  (809.51) 
PN/WC/AK HT Unmanaged  100.50   (907.92)  (807.42) 
PN/WC/AK LT Managed  104.08   (907.92)  (803.84) 
PN/WC/AK LT Unmanaged  111.09   (907.92)  (796.83) 
BAU PNW Final Harvest  73.81   (907.92)  (834.11) 

Eastside kg CO2e per m3 of product- 
IE/EC LT  40.88   (863.02)  (822.14) 
BM LT  39.52   (863.02)  (823.50) 
IE/EC/BM HT  38.70   (863.02)  (824.32) 
IE/EC/BM Final Harvest  67.80   (863.02)  (795.22) 
BAU INW Final Harvest  73.21   (863.02)  (789.81) 

 

  

 
8 Puettmann, M. 2024. Cradle to grave life cycle assessment of North American Medium Density Fiberboard. 
https://www.compositepanel.org/wp-content/uploads/MDF-Cradle-to-grave-LCA-Final.pdf 
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(a) 

 
(b) 

 
Figure 17 Embodied carbon, carbon storage, and net carbon for softwood lumber produced from each 
for management scenario for westside (a) and eastside (b) Washington 

The other method for describing the biogenic carbon flows for HWP follows ISO 21930. In this method it 
is assumed that all carbon removed from the atmosphere is eventually emitted back to the atmosphere 
as CO2. Therefore, the net carbon emission across the cradle-to-gate life cycle is zero. In this method, all 
carbon dioxide flows (kg CO2e) presented in Table 12 are unallocated. These include byproducts 
produced and leaving the system boundary in module A3.  They also include potential carbon waste at 
the end of life.  Even though the system boundary for this LCA only includes modules A1-A3, in 
accordance with ISO 21930, emission from packaging (BCEK) is reported in A5-Construction and emission 
from the main product (BCEP) is reported in C3/C4-End-of-Life.  
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Using this method, the roundwood removed in the production of 1 m3 of softwood lumber from a BAU 
PNW scenario is shown in Table 7 (A1-Removals). The carbon storage in 1 m3 of softwood lumber is 
reported in C3/C4-End-of-Life products and byproducts column. The by-products produced during 
lumber production account for an additional carbon emission and are A3-Manufacturing. The 
combustion of wood fuel emitted as CO2  is reported in A3.  

Table 12. Biogenic Carbon Inventory Parameters for 1 m3 of Softwood Lumber, Unallocated. Example of 
BAU PNW 

 A1 A2 A3 A5 C3/C4 Total 

Removals [kg CO2] (1,725) 0.00 0.00  0.00 0.00 (1,725) 

Product & Byproducts [kg CO2] 0.00 0.00 572 0.00 908 1,471 

Packaging removal [kg CO2]   (1.72)   (1.72) 

Packaging emission [kg CO2]    1.72  1.72 

Wood Combustion [kg CO2] 0.00 0.00 254 0.00 0.00 254 

Sum (1,725)  824 1.72 908 0.00 

 

3.3 Substitution Impacts 
Combining the substitution factor with the carbon stored in wood products generates carbon 
displacement values as shown in Table 13 for wood versus steel studs and Table 14 for feedstocks used 
for MDF versus pulp and paper.  

Assumptions: 

• 100 percent of the feedstock to produce medium density fiberboard comes from lumber mill residues 
(chips and sawdust) 

• 100 percent of the feedstock to produce pulp and paper comes from lumber mill residues (chips and 
sawdust) 

3.3.1 Wood Stud vs. Steel Stud 
In the case of the wood stud versus a steel stud, the comparison is easy because the steel stud stores 
zero carbon. The result is a net carbon storage for the wood stud and a net emission for the steel stud 
(Table 13). Three managed scenarios were selected from the westside to represent final harvest using 
the regional softwood lumber LCA model, and both heavy and light thinning operations from managed 
and unmanaged stands that would use the less 8-inch diameter representative Washington sawmill 
(westside). For all three scenarios, the wood wall has much lower embodied carbon results per square 
meter of wall, stores carbon in the wall, and displaces a significant amount of carbon by using wood 
(difference between net carbon stored in the wood wall minus the net carbon emission of the steel wall, 
Table 13). 
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Table 13 Substitution impacts for a wood stud versus a steel stud used in one square meter (m2) of 
wall area for the PN/WC Final Harvest, PN/WC/AK HT Managed, and PN/WC/AK LT Unmanaged 

 
Unit / m3 PN/WC Final 

Harvest 
PN/WC/AK HT 

Managed 
PN/WC/AK LT 
Unmanaged 

Product mass, softwood lumber kg  495.23   495.23  495.23 
Embodied carbon kg CO2FOSSILeq  66.22   98.41  111 
Carbon storage kg CO2 BIOGENIC eq  (907.92)   (907.92)   (907.92) 
Net - carbon emissions kg CO2eq  (841.70)  (809.51)  (796.92) 
     
Substitution Wall Components m2  1.00   1.00   1.00  
Softwood studs vs. Steel studs  m2  1.00   1.00  1.00 
 

Unit / m2 PN/WC Final 
Harvest 

PN/WC/AK HT 
Managed 

PN/WC/AK LT 
Unmanaged 

Wood stud walls, mass kg  10.40   10.40   10.40  
Steel studs wall, mass kg  4.15   4.15   4.15  
Embodied carbon, wood wall kg CO2eq  1.39   2.07  2.33 
Embodied carbon, steel wall kg CO2eq  17.97   17.97   17.97  
Carbon storage, wood wall kg CO2eq  (19.07)  (19.07)  (19.07) 
Carbon storage, steel wall kg CO2eq  -     -     -    
Net carbon wood wall kg CO2eq  (17.68)  (17.00)  (16.74) 
Net carbon steel wall kg CO2eq  17.97   17.97   17.97  
Avoided emission by using wood wall 
over a steel wall kg CO2eq  (35.65)  (34.97)  (34.71) 

     
 

Although differences were small between the three management scenarios, the displacement was 
greatest when considering only final harvest impacts (Figure 12). Managed stands also show a higher 
displacement than unmanaged stands. It is important to note that the emission from the steel stud 
cannot be recovered, so the carbon displaced (avoided emissions) accumulates overtime and therefore 
small differences between management scenarios can be significant over several rotations. See section 
4.4.2 for a detailed example of the substitution benefit overtime. 
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(a) 

 
(b) 

 
(c) 

 
Figure 18 Comparison of the net carbon stored, emissions and carbon displaced for a wood stud versus 
a steel stud in one square meter of wall area for three management scenarios (a) PN/WC Final 
Harvest, (b) PN/WC/AK HT Managed, and (c) PN/WC/AK LT Unmanaged. 
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3.3.2 Incorporating Substitution and the Product Carbon Pools into Managed and 
Unmanaged Stands Carbon Outcomes 

Incorporating forest carbon accumulation, short and long-term product stored carbon, and substitution 
outcomes that occur from a managing a given forested area, and examining the impact over several 
rotations shows the overall impact of managing forests and harvesting sustainably.  Using a BAU PNW 
forestry model over six 45 year rotations, accounting for products, emissions, substitution, and biofuel 
displacement show a trend line of about 2.3 t C / ha / year (Lippke et al. 2021)9(Figure 13, adapted from 
Lippke et al. 2021). Comparing this trend line of carbon pools to high volume, but unmanaged forest (the 
solid brown line) shows: 

• The sequestered carbon in unharvested forests reaches a limit as trees mature and the site 
reaches carrying capacity.  Leaving unmanaged forests as legacies provides a one-time increase 
in C pools, with no opportunity for carbon benefit within the economy.  

• Harvesting and replanting transfers carbon from the forest to products creating essential two 
carbon pools. This continued investment in forest management (this example 45 year rotation) 
stabilizes the product carbon pool (blue bars assuming a 90 year product life span for the solid 
wood products) 

• Using wood products displaces emissions caused by functionally equivalent non-wood materials. 
Over the 6 rotations, these carbon pools can be significant as shown in the light green bars. 
These bars represent the avoided emissions from the production of steel studs.  

• The carbon emissions from steel studs cannot be recovered, therefore the avoided emissions will 
accumulate with each subsequent rotation.  

• In this example, including the avoided emissions increases the carbon pool by 45% compared to 
the carbon stored in the products alone.  

 
9 Lippke, B., Puettmann, M., Oneil, E., & Dearing Oliver, C. (2021). The Plant a Trillion Trees Campaign to Reduce Global 
Warming – Fleshing Out the Concept. Journal of Sustainable Forestry, 40(1), 1–31. 
https://doi.org/10.1080/10549811.2021.1894951 

https://www.tandfonline.com/doi/full/10.1080/10549811.2021.1894951
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Figure 19 Carbon stored (y-axis) per hectare (ha) are stored and displaced over six 45- year rotations 
(x-axis) of sustainably managed Pacific Northwest forest beginning at year 2000. Forests that are 
harvested for products transfer stored C from the forest to long-lived products, coproducts, short-lived 
products, biofuels, and forest slash. Total fuel (grey bars) includes both biofuel (orange bars) and fossil 
fuel used in logging and product manufacture. Displaced carbon is shown in biofuel (proportion of 
harvested wood used in wood production) and substitution which accounts for the avoided emissions 
from the production of non-wood materials, in this case steel wall studs. End-of -life recycling is not 
included. 

3.3.3 Medium Density Fiberboard vs. Paper 
Similar substitution comparisons can be made for co-products from softwood lumber production.  Here 
we examine the impacts of producing composite panels and pulp & paper. Since these products cannot 
share the same functional unit, they do compete for the same feedstock, mill residues. For this analysis 
analyze the difference in carbon impacts when the feedstocks are used for a long-lived product, such as 
MDF, versus a short-lived product like paper (Figure 14).  
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Figure 20 Allocation of wood flow from log to end use based on Puettmann 2024 

 

Assumptions and calculations used for this comparison: 

• Used the coproducts from the regional LCA sawmill model representing westside Washington 
• 100 percent of the feedstock is from mill residues (chips and sawdust) 
• It takes 774.59 kg of feedstock, unallocated, to produce 1 cubic meter of MDF 
• 1 cubic meter of MDF, wood only = 654.37 kg 
• 1.18 kg of feedstock for every kg of MDF produced 
• It takes 1,283.52 kg of feedstock, unallocated, to product 861.83 kg of paper 
• 1.49 kg of feedstock for every kg of paper produced 
• Carbon content of feedstock is 50 percent 
• Density used for feedstock is 450 kg/m3 
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The LCA model for MDF was performed using the default production of 1 cubic meter of finished product 
which contains 654.37 kg of wood. The paper production LCA model was analyzed on 1 kg of paper 
produced. The embodied carbon impact (kg CO2e) for each of these was then scaled to represent an 
equivalent feedstock input (Table 14). For the equivalent of a m3 of wood (450 kg input), the embodied 
carbon for MDF is 373 kg CO2e and 773 kg CO2e for paper (Table 14). In this case the long-lived product - 
MDF - has a lower embodied carbon (A1-A3) than paper and it stores the carbon out of the atmosphere 
over a longer time period (typically).  

Table 14 Feedstock inputs, carbon storage, embodied carbon, and avoided emissions for production of 
medium density fiberboard (MDF) and paper on equivalent feedstock inputs 

Equivalent Feedstock input  MDF Paper 
Wood input - Total kg  450.00   450.00  
Wood input - Total m3  1.00   1.00  
Embodied carbon A1-A3, scaled to 450 kg  (1 m3) of 
feedstock input kg CO2e  372.48   773.39  

Carbon storage in Feedstock (allocated) kg CO2eq  (825.00)  (825.00) 
Net carbon kg CO2eq  (452.52)  (51.61) 
Avoided emission using feedstock for MDF over paper kg CO2eq 504.13 

 

While end of life scenarios were not examined for this project, a recent report for the state of Minnesota 
(Zobel et al. 2024)10 looked at paper, wood composite panels, and softwood lumber from cradle to grave 
under three different end of life scenarios. The Minnesota study has some relevance here based on the 
best path for feedstocks when the goal is to maximize carbon storage. Table 10 shows each product on 
an equivalent basis of 1 kg. Similar to Table 9, Table 15 shows paper production has a very high 
embodied carbon. The long term carbon benefits of long-lived products like wood composite panels and 
softwood lumber are further emphasized by their negative carbon storage under the landfill, recycle, and 
average end of life scenarios. Incineration at the end of life is the only scenario where no product is 
carbon is negative because the carbon contained in the product is instantly released in the atmosphere. 
Incineration can be improved when substitution is integrated into the analysis.  
  

 
10 Zobel et al. 2024. Estimating current and future carbon stocks and emissions in Minnesota forests and forest products under 
multiple management scenarios. DRAFT report prepared for the Minnesota Forest Resources Council. 165pp. 
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Table 15 Summary of cradle-to-grave for selected products on a per kg basis over all End-of-Life (EoL) 
scenarios (Zobel et al. 2024) 

 
Paper Wood composite 

Panels 
Softwood 

lumber 
From Zobel et al. 2024 Embodied Carbon kg CO2e / kg of product 
A1-A3 - Cradle-to-gate  1.7452   0.4115   0.1543  
Cradle-to-grave    
A1-C4 - Landfill  4.5675   (0.8587)  (1.1159) 
A1-C4 - Incineration  1.7838   0.4955   0.2383  
A1-C4 - Recycle  1.7583    
A1-C4 - Average  2.9492   (0.6122)  (0.8694) 
 Paper Wood composite 

Panels 
Softwood 

lumber 
This study using regional LCA model (BAU 
PNW) Embodied Carbon kg CO2e / kg of product 

A1-A3 Cradle to gate  1.560 0.7998 0.1212 
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4 Summary 
When a tree is harvested for a sawlog, about half the biomass (below ground and tops, limbs and 
residues) associated with that tree is left in the forest to decay or provide habitat value. At the sawmill, 
logs used for lumber production are further allocated into the primary product (lumber) and byproducts 
(chips, sawdust, bark, hogged fuel). These allocations include the entire production chain where 
additional byproducts are produced during planning, trimming, sanding, and other product finishing 
operations. On a regional basis, the allocation to softwood lumber is approximately 53 percent with the 
remaining 47 percent is in the form of chips, sawdust, bark, hogged fuel, and shavings (Puettmann 2024). 
Many factors, not measured in this study, can influence this allocation such as log diameter (see 
Appendix 1) and milling equipment.  

At each stage in processing carbon moves with the products and byproducts. During these transitions, 
materials, energy, and fuels needed for production of wood products are emitting carbon into the 
atmosphere through combustion or direct production emissions (embodied carbon). Tracing the carbon 
flows in the products and byproducts together with the embodied carbon created during processing is 
needed for full carbon accounting of any wood product. When the carbon is tracked from forest to 
product we can determine the net carbon benefits of harvested wood products. In addition, the carbon 
pools and flows that occur with downstream uses of byproducts can be significant and contribute 
significantly to the carbon pool for several decades depending on the end use.  

Finally, the sustainable use of wood has significant carbon benefits over alternative materials. 
Sustainable rotational forest management provides the greatest volume biomass at the lowest 
embodied carbon. Leaving unmanaged forests as carbon sinks means that eventually the forest reaches 
its carrying capacity thus providing only a one time increase in carbon pools and no opportunity for 
additional carbon mitigation in product and substitution pools (Lippke et al. 2021). Using wood products 
displaces emissions caused by non-wood materials. The carbon emissions from non-renewable materials 
cannot be recovered and the displaced emissions (avoided emission) will accumulate with each harvest, 
increasing the carbon pool up to 45 percent compared to the carbon stored in the product along (Lippke 
et al 2021). 
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5 Abbreviations 
CO2  Carbon dioxide 
CO2e  Carbon dioxide equivalent 
CO2eBIOMASS Carbon dioxide emissions from biomass combustion or decay emissions 
CO2eFOSSIL Carbon dioxide emissions from fossil sources 
CO2eTOTAL Sum of CO2eBIOMASS  and CO2eFOSSIL 
EPD  Environmental Product Declaration 
GWP  Global Warming Potential 
GWPFOSSIL Global Warming Potential as an output from the TRACI impact methods. Does not 

include carbon dioxide released from biogenic sources, unit is CO2eFOSSIL 

GWPBIOGENIC Global Warming Potential released from the combustion of biogenic materials (e.g., 
wood) unit is CO2eBIOGENICL 

ISO  International Organization for Standardization 
kg  Kilogram 
LCA  Life Cycle Assessment 
LCI  Life Cycle Inventory 
LCIA  Life Cycle Impact Assessment 
m3  Cubic Meters 
MC  Moisture Content 
MMT  million metric tons 
Mt  metric tons 
OD  Oven dry 
Tkm  Metric-Tonne – Kilometers 
TRACI Tool for the Reduction and Assessment of Chemical and Other 

Environmental Impacts 
BAU  Business as usual 
TPO  Timber Product Output 
LCI  Life cycle inventor 
LCIA  Life cycle impact assessment 
LCA  Life cycle assessment 
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6 Glossary 
Embodied carbon - The embodied carbon is the global warming impact or all the greenhouse gas 
emissions through production of the product. Referred to as the global warming potential (GWP) based 
on the results from an accepted impact method e.g., TRACI. Embodied carbon does not include the 
carbon stored in the product. Embodied carbon does not include the CO2 released from biogenic 
sources, e.g., wood combustion. Embodied carbon does include other releases from biogenic sources, 
e.g., methane from wood combustion. 

Carbon storage in wood measured in CO2– Carbon dioxide is not stored in wood; carbon is stored in 
wood. If that carbon were released into the atmosphere, it would combine with oxygen to form carbon 
dioxide. Carbon has a molecular weight of 12. Oxygen has a molecular weight of 16. Carbon dioxide has 
one carbon and two oxygens for a molecular weight of 44. For every 12 lbs of carbon stored in wood, 
there is an equivalent of 44 pounds of carbon dioxide that would otherwise occur in the atmosphere. We 
assume the carbon content of wood to be 50% of oven dry wood. 

Net Carbon emission – this is the difference between carbon stored and carbon released (embodied 
carbon) 

Substitution - This analysis can provide the estimated information on the emissions of wood products 
versus an equivalent alternative building material.  

• How much carbon does the product store,  
• What is the products embodied carbon,  
• What is the displacement between the two? 

Avoided emission for choosing to use a wood wall versus a steel wall is 11.41 kg CO2e/m2. This number 
does not consider carbon storage. These values are calculated by taking the absolute difference between 
the embodied carbon of wood wall and steel wall. 

Displacement factor – This is also called a efficiency factor. It provides the avoided emissions for every 
unit of wood used. The displacement factor has not units as the kg CO2e cancel out (equation 1). 
Displacement factors make it possible to take the wood efficiency back to the acre. An example of this 
can be found below in Table 2 (extracted from Lippke et al.  

[(𝐺𝐺𝐺𝐺𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎 − 𝐶𝐶 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎)−  (𝐺𝐺𝐺𝐺𝐺𝐺𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝐶𝐶 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤)]
𝐶𝐶  𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

 

           Equation 1 
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7 Appendix 1 - Case Study – Using LCA to predict impacts 
based on log diameter 

Softwood lumber production data that best represents manufacturing in western Washington was used 
as input into the life cycle assessment (LCA) models. Small-end log diameter was reported by species for 
roundwood input. These were grouped into four log diameter classes of less than 9-inchs, 9-10 inches, 
12-14-inches, and greater than 30-inches. Log allocation to primary product and coproducts was based 
on mass allocation according to ISO 14040/14044 standards and the Product Category Rule for 
conducting LCAs and Environmental Product Declarations for structural wood products (UL 2018, 2020).  

The lumber recovery factor (LRF) is a gauge of a sawmill's efficiency and is calculated by dividing the 
cubic foot volume of the logs processed by the nominal board footage of the lumber sawn. The LRF in 
board feet of lumber produced to cubic feet of roundwood input ranged from 4.34 to 10.38 BF 
Lumber/ft3 Logs (Table 16, Figure 21). The data shows that the larger LRFs are in the 9-10 inch small end 
diameter class with tapering lower as diameter increases and decreases (Figure 21). The lowest LRF is 
from the largest diameter class, and it is our conclusion that this representative facility is a larger log mill 
that has not updated processing to accommodate smaller diameter logs, but still produces dimension 
lumber. We will address the larger mill diameter class later in the report when the LCA results are 
presented. In a recent LCA study for the Pacific Coast softwood lumber production, the LRF was 9.3 BF 
lumber/ft3 logs (Puettmann 2024).  

Table 16 Lumber Recovery Factor (LRF), board feet of lumber (BF) per cubic foot (ft3) log input from 
representative western Washington softwood lumber mills. 

Log diameter, average small end LRF BF Lumber/ft3 Logs 
< 9 inches  

3.3 inches 6.37 
5.5 inches 7.55 

7.6 - 7.7 inches 9.77 
9 inches 10.38 

9-10  inches  
9.3 inches 10.38 
10  inches 9.62 
10 inches 9.16 

12-14 inches  
12 inches 8.63 
13 inches 8.93 

30+ inches  
30-31 inches 4.34 
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Figure 21 Lumber Recovery Factor (LRF), board feet of lumber (BF) per cubic foot (ft3) log input from 
representative western Washington softwood lumber mills. 

The fraction of log cubic volume recovered as lumber is called the cubic recovery ratio (CRR). It is an 
accurate and consistent measure of the conversion efficiency used in scanners in sawmills to measure 
the log and lumber dimensions. As log diameter increases, the fraction of the log recovered as rough 
green lumber increases, and the fraction of by-products such as chips decreases while sawdust 
decreases. The CRR is a more common calculation used in LCA modeling. For the representative 
softwood producers for western Washington, the CRR ranged from 0.46 to 0.68. The CRR for Pacific 
Coast sawmills was 0.497 m3

lumber/m3
log. The correlation between log diameter and CRR was not as linear 

as seen for LRF (Table 12). This could be due to each facility’s unique processing machines which have 
different saw kerfs, saw types, and lumber grade targets (Table 1, Figure 2). As expected the largest 
recovery ratio was in the larger log diameter, where a larger proportion of lumber was produced from 
the log (68%).  

BAU for the Pacific Northwest 
Since the mill production data for softwood lumber had some granularity for log diameter size, LCA 
models were developed using these mill production data and the average Pacific Northwest (PNW) 
Forestry LCA (Oneil and Puettmann 2017) to examine the trade-offs between log size and lumber 
recovery in LCA.  

The PNW forestry model encompasses western Oregon and Washington demarcated by the Cascade 
Mountain crest. Softwood lumber facilities report a range of average diameter distributions (Table 17). 
These can be used to estimate wood and carbon mass values for inputs and outputs per cubic meter of 
lumber by average scaling diameter. 

Table 17 shows that the 9-10 inch diameter class requires the highest log volume input (2.18 m3, 0.46 
CRR) to produce a cubic meter of lumber while the largest diameter class of 30+ inches requires the 
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lowest, 1.48 m3 (0.68 CRR) (Figure 22). For LCA modeling using a mass allocation, the mill production 
inputs such as heat energy and fuels are allocated to the lumber based on the CRR. The remainder of the 
log is allocated to byproducts which can either be used onsite for energy generation (displacing the use 
of fossil fuels), sold to composite panel producers (long term product), or sold for short term products 
such as pellets or pulp. Like lumber, the carbon in the log input is transferred within the byproducts to 
the next use.  

Table 17 Per cubic meter of lumber production reported in volume and mass and carbon storage for 
each diameter log class. 

 Units/per m3 <9" 9-10" 12-14" >30" 

Lumber Output m3 1  1 1 1 

Lumber Output kg 495  495 495 495 

C Storage in Lumber  kg CO2e  907.92  907.92 907.92 907.92 

Log Input  m3  1.74   2.18   2.00   1.48  

Log Input kg  861.20   1,079.60   991.45   733.93  

C Storage in Log kg CO2e 1,578.88  1,979.27 1,817.66 1,345.54 

CRR  0.58 0.46 0.50 0.68 
 

 

 

Figure 22 The correlation between log input, log diameter class, and cubic recovery ratio (CRR) from 
representative western Washington softwood lumber mills. 

When we connect the LCA results with log diameter, CRR, and carbon storage we find that CRR has a 
direct correlation with the LCA results (Figure 23). These differences arise because with a high CRR, a 
higher proportion of the log is processed into lumber versus byproducts. Because each material carries 
as its embodied carbon its proportion of the mill’s inputs (i.e., energy), lumber for high CRR mills carries 
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a bigger embodied carbon footprint. One other important note is the larger diameter facilities (30+ 
inches) had proportionally higher energy use (electricity). We don’t know but can speculate that the 
equipment might be older and less energy efficient. NOTE: This type of information was not available 
for this study, and this relationship may not be true for all larger diameter sawmills.  

The nuances explored here add granularity to the story of the carbon dynamics of producing HWP.  They 
also have a direct impact on the discussion around growing trees longer, and therefore producing larger 
diameter logs.  Though longer rotations may produce more wood – assuming good management 
techniques, excellent timing, and luck - longer rotations may not show as significant of a carbon benefit 
as expected when incorporated into a framework of HWP accounting that meets international standards.   

 

Figure 23 Relationship between embodied carbon, carbon storage, and diameter class for 
representative western Washington softwood lumber mills, using the BAU PNW forestry model (Oneil 
and Puettmann 2017) 
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8 Appendix 2 Supporting Figures and Tables 
 

 

Figure 24 Total A1-A3 Embodied Carbon for three final harvest scenarios and four management 
scenarios using representative softwood lumber mills from western Washington. Assumes all harvest 
is sawlog. 

 

 

Figure 25 Total A1-A3 Embodied Carbon for three final harvest scenarios and four management 
scenarios using representative softwood lumber mills from eastern Washington. Assumes all harvest 
to sawlog. 
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Table 18: Distribution of estimated yield by scaling diameter – westside final harvests by subregion 
and major species. 

Westside Yield (cf/ac) by Scaling (small end) Diameter for Final Harvests: SFLO 

Westside conifer  

FVS 
Variant 

Avg 
4_6 
SED 

Avg 
6_8 
SED 

Avg 
8_12 
SED 

Avg 
12_16 
SED 

Avg 
16_20 
SED 

Avg 
20_24 
SED 

Avg 
24_30 
SED 

Avg 
>30  
SED 

total 
volume 
removed 

PN 4% 23% 22% 21% 16% 8% 5% 1%           9,855  

WC 3% 19% 13% 14% 15% 12% 14% 9%           9,663  

* no SFLO plots in AK variant. 

Westside hardwood 

FVS 
Variant 

Avg 
4_6 
SED 

Avg 
6_8 
SED 

Avg 
8_12 
SED 

Avg 
12_16 
SED 

Avg 
16_20 
SED 

Avg 
20_24 
SED 

Avg 
24_30 
SED 

Avg 
>30  
SED 

total 
volume 
removed 

PN 7% 36% 26% 17% 7% 5% 2% 0%           5,147  

WC 7% 42% 28% 17% 5% 1% 1% 0%           6,102  

Westside WRC 

FVS 
Variant 

Avg 
4_6 
SED 

Avg 
6_8 
SED 

Avg 
8_12 
SED 

Avg 
12_16 
SED 

Avg 
16_20 
SED 

Avg 
20_24 
SED 

Avg 
24_30 
SED 

Avg 
>30  
SED 

total 
volume 
removed 

PN 4% 33% 22% 12% 14% 6% 6% 3%           6,415  

WC 3% 32% 22% 11% 26% 2% 1% 3%           6,090  
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Table 19: Distribution of estimated yield by scaling diameter – westside heavy thin by subregion and 
major species. 

Westside Yield (cf/ac) by Scaling (small end) Diameter for Heavy Thin Harvests: SFLO 

Westside conifer  

FVS 
Variant 

Avg 
4_6 
SED 

Avg 
6_8 
SED 

Avg 
8_12 
SED 

Avg 
12_16 
SED 

Avg 
16_20 
SED 

Avg 
20_24 
SED 

Avg 
24_30 
SED 

Avg 
>30  
SED 

total 
volume 
removed 

PN 10% 39% 29% 16% 5% 1% 0% 0%           7,788  

WC 23% 72% 5% 0% 0% 0% 0% 0%           3,667  

* no SFLO plots in AK variant. 

Westside hardwood 

FVS 
Variant 

Avg 
4_6 
SED 

Avg 
6_8 
SED 

Avg 
8_12 
SED 

Avg 
12_16 
SED 

Avg 
16_20 
SED 

Avg 
20_24 
SED 

Avg 
24_30 
SED 

Avg 
>30  
SED 

total 
volume 
removed 

PN 11% 48% 30% 9% 2% 0% 0% 0%           5,105  

WC 12% 61% 28% 0% 0% 0% 0% 0%           4,694  

Westside WRC 

FVS 
Variant 

Avg 
4_6 
SED 

Avg 
6_8 
SED 

Avg 
8_12 
SED 

Avg 
12_16 
SED 

Avg 
16_20 
SED 

Avg 
20_24 
SED 

Avg 
24_30 
SED 

Avg 
>30  
SED 

total 
volume 
removed 

PN 10% 72% 19% 0% 0% 0% 0% 0%           4,016  

WC 10% 73% 18% 0% 0% 0% 0% 0%           3,008  
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Table 20: Distribution of estimated yield by scaling diameter – westside light thin by subregion and 
major species. 

Westside Yield (cf/ac) by Scaling Diameter for Light Thin Harvests: SFLO 

Westside conifer  

FVS Variant 

Avg 
4_6 
SED 

Avg 
6_8 
SED 

Avg 
8_12 
SED 

Avg 
12_16 
SED 

Avg 
16_20 
SED 

Avg 
20_24 
SED 

Avg 
24_30 
SED 

Avg 
>30  
SED 

total 
volume 
removed 

PN 29% 71% 0% 0% 0% 0% 0% 0%           3,972  

WC 27% 73% 0% 0% 0% 0% 0% 0%           6,762  

* no SFLO plots in AK variant. 

Westside hardwood 

FVS Variant 

Avg 
4_6 
SED 

Avg 
6_8 
SED 

Avg 
8_12 
SED 

Avg 
12_16 
SED 

Avg 
16_20 
SED 

Avg 
20_24 
SED 

Avg 
24_30 
SED 

Avg 
>30  
SED 

total 
volume 
removed 

PN 31% 69% 0% 0% 0% 0% 0% 0%        11,192  

WC 24% 76% 0% 0% 0% 0% 0% 0%                486  

Westside WRC 

FVS Variant 

Avg 
4_6 
SED 

Avg 
6_8 
SED 

Avg 
8_12 
SED 

Avg 
12_16 
SED 

Avg 
16_20 
SED 

Avg 
20_24 
SED 

Avg 
24_30 
SED 

Avg 
>30  
SED 

total 
volume 
removed 

* none removed under light thinning conditions  
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Table 21: Distribution of estimated yield by scaling diameter – eastside final harvests by subregion and 
major species. 

Eastside Yield (cf/ac) by Scaling Diameter for Final Harvests: SFLO 

Eastside conifer  

FVS 
Variant 

Avg 
4_6 
SED 

Avg 
6_8 
SED 

Avg 
8_12 
SED 

Avg 
12_16 
SED 

Avg 
16_20 
SED 

Avg 
20_24 
SED 

Avg 
24_30 
SED 

Avg 
>30  
SED 

total 
volume 
removed 

BM 7% 31% 39% 19% 3% 0% 0% 0%           3,781  

EC 7% 28% 30% 19% 10% 4% 2% 1%           5,016  

IE 8% 29% 33% 21% 8% 2% 0% 0%           5,666  

Eastside hardwood 

FVS 
Variant 

Avg 
4_6 
SED 

Avg 
6_8 
SED 

Avg 
8_12 
SED 

Avg 
12_16 
SED 

Avg 
16_20 
SED 

Avg 
20_24 
SED 

Avg 
24_30 
SED 

Avg 
>30  
SED 

total 
volume 
removed 

EC 14% 44% 20% 8% 5% 3% 2% 4%           2,048  

IE 11% 37% 25% 12% 15% 0% 0% 0%           1,701  

Eastside WRC 

FVS 
Variant 

Avg 
4_6 
SED 

Avg 
6_8 
SED 

Avg 
8_12 
SED 

Avg 
12_16 
SED 

Avg 
16_20 
SED 

Avg 
20_24 
SED 

Avg 
24_30 
SED 

Avg 
>30  
SED 

total 
volume 
removed 

EC 2% 12% 16% 18% 21% 13% 12% 6%           4,038  

IE 9% 39% 30% 10% 12% 0% 0% 0%           2,757  
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Table 22: Distribution of estimated yield by scaling diameter – eastside heavy thin by subregion and 
major species. 

Eastside Yield (cf/ac) by Scaling Diameter for Heavy Thin Harvests: SFLO 

Eastside conifer  

FVS 
Variant 

Avg 
4_6 
SED 

Avg 
6_8 
SED 

Avg 
8_12 
SED 

Avg 
12_16 
SED 

Avg 
16_20 
SED 

Avg 
20_24 
SED 

Avg 
24_30 
SED 

Avg 
>30  
SED 

total 
volume 
removed 

EC 17% 54% 27% 1% 0% 0% 0% 0%           3,781  

IE 13% 42% 37% 8% 0% 0% 0% 0%           5,016  

                    

Eastside hardwood 

FVS 
Variant 

Avg 
4_6 
SED 

Avg 
6_8 
SED 

Avg 
8_12 
SED 

Avg 
12_16 
SED 

Avg 
16_20 
SED 

Avg 
20_24 
SED 

Avg 
24_30 
SED 

Avg 
>30  
SED 

total 
volume 
removed 

EC 24% 61% 15% 0% 0% 0% 0% 0%           3,070  

IE 20% 63% 17% 0% 0% 0% 0% 0%           1,864  

Eastside WRC 

FVS 
Variant 

Avg 
4_6 
SED 

Avg 
6_8 
SED 

Avg 
8_12 
SED 

Avg 
12_16 
SED 

Avg 
16_20 
SED 

Avg 
20_24 
SED 

Avg 
24_30 
SED 

Avg 
>30  
SED 

total 
volume 
removed 

EC 27% 73% 0% 0% 0% 0% 0% 0%                260  

IE 14% 55% 29% 2% 0% 0% 0% 0%           2,276  
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Table 23: Distribution of estimated yield by scaling diameter – eastside light thin by subregion and 
major species. 

Eastside Yield (cf/ac) by Scaling Diameter for Light Thin Harvests: SFLO 

Eastside conifer  

FVS 
Variant 

Avg 
4_6 
SED 

Avg 
6_8 
SED 

Avg 
8_12 
SED 

Avg 
12_16 
SED 

Avg 
16_20 
SED 

Avg 
20_24 
SED 

Avg 
24_30 
SED 

Avg 
>30  
SED 

total 
volume 
removed 

EC 17% 54% 27% 1% 0% 0% 0% 0%           4,587  

IE 13% 42% 37% 8% 0% 0% 0% 0%           6,455  

Eastside hardwood 

FVS 
Variant 

Avg 
4_6 
SED 

Avg 
6_8 
SED 

Avg 
8_12 
SED 

Avg 
12_16 
SED 

Avg 
16_20 
SED 

Avg 
20_24 
SED 

Avg 
24_30 
SED 

Avg 
>30  
SED 

total 
volume 
removed 

IE 36% 64% 0% 0% 0% 0% 0% 0%                262  

Eastside WRC 

FVS 
Variant 

Avg 
4_6 
SED 

Avg 
6_8 
SED 

Avg 
8_12 
SED 

Avg 
12_16 
SED 

Avg 
16_20 
SED 

Avg 
20_24 
SED 

Avg 
24_30 
SED 

Avg 
>30  
SED 

total 
volume 
removed 

IE 16% 54% 31% 0% 0% 0% 0% 0%           5,214  
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Figure 26: Westside Scaling Diameter by Prescription, Subregion, and Treatment for Hardwood 
Dominated Stands  – SFLO 

 

Figure 27: Westside Scaling Diameter by Prescription, Subregion, and Treatment for Western Redcedar 
Stands  – SFLO 
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Figure 28: Eastside Scaling Diameter by Prescription, Subregion, and Treatment for Hardwood 
Dominated Stands  – SFLO 

 

Figure 29: Eastside Scaling Diameter by Prescription, Subregion, and Treatment for Redcedar 
Dominated Stands  – SFLO 




	Appendix 1 UW NRSIG SFLO Carbon Workgroup Report
	1 Introduction
	2 Forest Composition and Structure Modeling
	2.1 Plot Database
	2.1.1 Field Plot Sources
	2.1.2 Plot Inventory Summary Calculations

	2.2 Predictor Variable Raster Creation
	2.3 Plot Predictor Variable Attribution
	2.4 Model Fitting
	2.5 Validation Stands
	2.6 Model Assessment
	2.7 Forest Model Summary Statistics
	2.8 Comparision of Models to Gradient Nearest Neighbor
	2.9 Output Raster Creation
	2.10 Forestland Database

	3 Analysis of SFLO Forests
	3.1 Parcels and Forest Acres Overview
	3.2 Forest Carbon Summary
	3.3 Forest Structure Summary

	4 Developing a Demonstration Tool for a Remote Sensing Based Forest Carbon Program
	4.1 Overview
	4.2 Choice of Project and Baseline FIA Plots
	4.3 FIA Plot Matching Donor Pool Analysis
	4.4 Growth and Yield Modeling
	4.5 Harvested Wood Products
	4.6 Small Forest Landowner Harvest Rates
	4.7 Improving Forest Carbon Accounting
	4.8 Uncertainty

	5 Conclusions
	6 Recommendations
	6.1 Programmatic Approaches to Continued Assessments
	6.2 Concerns and Challenges

	7 References

	Appendix 2 CORRIM HWP report for WFFA CWG
	List of Tables
	List of Figures
	Background
	1 What is Life Cycle Assessment
	2 Methods
	2.1 System Boundary
	2.2 Forest Resources
	2.2.1 A Case Study on Improved Forest Management

	2.3 Harvested Wood Products
	2.3.1 Softwood Lumber Manufacturing
	2.3.2 Substitution Impacts


	3 LCA Results
	3.1 A1- Forest Resources
	3.1.1 Regional and Sub-regional Harvesting LCA Results
	3.1.2 A Tale of Three Stands Case Study Results

	3.2 A1-A3 Harvested Wood Products
	3.2.1 Softwood Sawlog to Lumber
	3.2.2 Carbon Storage

	3.3 Substitution Impacts
	3.3.1 Wood Stud vs. Steel Stud
	3.3.2 Incorporating Substitution and the Product Carbon Pools into Managed and Unmanaged Stands Carbon Outcomes
	3.3.3 Medium Density Fiberboard vs. Paper


	4 Summary
	5 Abbreviations
	6 Glossary
	7 Appendix 1 - Case Study – Using LCA to predict impacts based on log diameter
	BAU for the Pacific Northwest

	8 Appendix 2 Supporting Figures and Tables

	CWG legislative report appendices 3 through 6 60 pp
	Appendix 3: Carbon Market Standards and Status
	Forest Carbon Offset Methodology Comparison
	VERRA Standards

	Appendix 4: Ethnographic Futures Research Full Report
	Introduction:

	Purpose:
	Context
	Population
	Trends Impacting Population

	Methodology
	Description of Ethnographic Futures Research
	Scenario Construction
	Understanding Scenarios
	Application of Research Findings
	Application: Small Forest Landowner Carbon Workgroup
	Value of Diverse Perspectives
	Participant Selection
	Data Analysis
	Behavioral Economics Perspective

	Findings and Recommendations
	Understanding Driving Forces
	Recommendations: Suggestions for Action


	Objective of the Ethnographic Futures Research Initiative

	Sample of SFLOs
	Characteristics of the Study Participants
	Analysis-


	Findings: Ethnographic Futures Research
	Patterns and Themes
	#1 Patterns: Common Financial Challenges, Constraints and Concerns
	Financial Constraints
	Small ROI
	Large upfront Investment Costs

	Theme: Financial and Practical Challenges Implementing Climate Smart Forestry Practices
	Trends
	Recommendations
	Program Recommendation:

	#2 Patterns: Common Policy and Regulatory Concerns
	Certification and Compliance
	Policy Uncertainty
	Application Processes for Entry to Programs

	Theme: Challenges navigating bureaucratic and frequently changing regulations
	Trends
	Recommendations
	Policy Recommendations
	Program Recommendations
	Practice Recommendation

	#3 Patterns: SFLO Technical Knowledge and Resources
	Lack of Expertise
	Information and Support Access
	Educational Support

	Theme: Bridging the Gap via Enhanced Technical and Educational Support
	Trends
	Recommendations
	Program Recommendations

	# 4. Patterns: Environmental and Ecological Concerns
	Climate Change Impacts
	Increasing Risk of Natural Disasters
	Biodiversity and Ecosystem Balance
	A Path Forward

	Theme: Navigating the Environmental Frontier
	Trends
	Policy, Program, and Practice Recommendations
	Policy Recommendations
	Program Recommendations
	Practice Recommendations

	#5 Patterns: Market-Related Issues
	Market Access and Viability:
	Market Volatility:
	Scale Disadvantages:

	Trends
	Increasing Development Pressure and Fragmentation:

	Theme: Market Complexities Hinder SFLOs engagement in Carbon Markets
	Trends
	Recommendations
	Programs

	#6. Patterns: Operational Challenges
	Physical Labor Limitations:
	Management and Labor Constraints:
	Scale and Property Size Limitations:

	Theme: Operational Hurdles must be overcome to launch Climate Smart Forestry Plans
	Trends
	Recommendations
	#7. Patterns: Socioeconomic Factors
	Sociopolitical Climate:
	Cultural Values vs Social Perceptions of Difference:
	Community Dynamics:

	Theme: SFLO Perceptions of Differences and Common Ground
	Trends
	Recommendations
	Community-Based Planning and Decision-Making:
	Community Engagement Initiatives:
	Intercultural Training:
	Safety and Well-being Programs:
	Socioeconomic Support Programs:
	Adaptive Management Frameworks:

	#8. Patterns: Long-Term Planning and Succession Issues
	Complex Land Succession Problem
	Future Uncertainties:

	Theme: Uncertain Future of Small Forest Land Succession
	Narrative

	Trends
	Recommendations
	Policy
	Create a Climate Smart Land Trust Designation and Certification:
	Incentivize Land Donation:

	Programs
	Develop Climate Smart Land Trusts:
	Enhance Legal and Financial Guidance:
	Educate SFLOs on Succession Planning:
	Address Land Tenure and Ownership Challenges:
	Support Research on Long-Term Viability of Carbon Sequestration:



	Undesirable Future Scenario for Small Forest Landowners:
	Desirable Future Scenario for Small Forest Landowners:
	Conclusion:
	Continued Research Suggestions
	Inclusion of Underrepresented Populations: Environmental Justice, Diversity, Equity, Inclusion,
	Long-Term Impact Studies:
	Behavioral Insights:
	Technological Innovations:
	Comparative Studies:
	Impact of Climate Change:
	Policy and Regulatory Framework Analysis:
	Economic Viability Studies:


	Detailed Methodology
	● Data Analysis Techniques and how they support futures forecasting.

	Extended Data and Analysis
	Ethical Considerations and Permissions
	Constraints of Research
	Criteria For Effective Incentives
	Future Research Directions: Recommendations for Continued Research
	Recommendation 1: Enhancing Demographic Representation in Future Research
	Current Limitation:
	Recommendation:

	Recommendation 2: Addressing Generational Succession in Small Forest Land Ownership
	Current Limitation:
	Recommendation:


	Appendix 5: WA State Landowner Survey for Carbon Sequestration Pathways
	Forest management pathways with potential carbon benefit
	Three Metrics to evaluate forest carbon sequestration effectiveness:
	Forest Management Methods Included in SFLO Survey


	Appendix 6: Programmatic Decision Frames

	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page



