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Abstract
The Consortium for Research on Renewable Industrial


Materials (CORRIM) released a Life Cycle Inventory and
Assessment study on wood demonstrating that for the Pa-
cific Northwest, while longer forest management rota-
tions increase the carbon stored in the forest, the cone-
sponding reduction in carbon stored in long-lived
products and the displacement of fossil intensive products
such as steel or concrete, results in an overall reduction in
carbon as rotation ages are increased. This raises interest-
ing questions for the overly dense stands in the Inland
West that are threatened by fire, a disturbance event that
is dependent upon treatment history and timing. Man-
agement treatments are shown to reduce the fire risk and
store more carbon but the probability of fire and the tim-
ing of treatments must be considered in estimating total
carbon storage. Prototype methods are developed to dem-
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onstrate a likely path for carbon stored by incorporating
both the probability of fire and the useful life of the prod-
ucts produced. The probability of fire on high fire hazard
stands would appear to be sufficient to justify thinning
treatments while also contributing to carbon storage so
long as a substantial portion of the product is allocated to
long-lived uses such as housing construction.


Introduction
There is high interest in forest management treat-


ments that can reduce the frequency and intensity of the
abnormally hot and devastating fires that have been ex-
perienced in the Inland West in recent years (WGA 2001,
2002). Natural resource management policies are also in-
creasingly being considered in the context of climate
change. Fires release carbon stored in forests to the at-
mosphere, while treatments remove and store carbon in
the form of products and potentially reduce fire hazard.
Recent developments in both forest fire simulation mod-
els and carbon life cycle analysis models are contributing
to an improved understanding of the relationship be-
tween fuel reduction treatment effectiveness and fire in-
tensity at the stand scale, as well as the consequences for
carbon release and storage. This study developed a proto-
type methodology to evaluate alternative fuel reduction
strategies relative to changes in fire hazard, carbon, and
economic impacts at the large landscape scale.


Fire Simulation Modeling
The development of the Fire and Fuels Extension


(FFE) model as a link to the Forest Vegetation Simulator
(FVS) model provided a significant advancement in
stand level fire simulation analysis (Beukema et al. 1997,
Crookston 1990, Dixon 2003, Scott and Reinhardt 2001).
FFE predicts fire hazard, behavior, and mortality within
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a forest stand based on tree inventory and fuel and
weather characteristics. In fire science terminology, this
modeling system allows FFE to predict first-order fire ef -
fects and FVS to predict vegetation (and fuel) change
through time. Many analysis modules have been devel-
oped based on FVS tree-lists, such as habitat suitability
models, economics, and carbon such that many ecologi-
cal attributes can be analyzed in conjunction with treat-
ments to reduce fire hazard.


Mason et al. (2003) used these models to investigate
the relative benefits of fuel reduction activities by simu-
lating management treatments with a wide range of thin-
ning intensities (including no action) on a large number
of forest types in the Okanogan and Fremont National
Forests. Results were analyzed for fire hazard reduction
effectiveness, the cost of the treatment, and the effects on
selected environmental metrics. Many non-market val-
ues and downstream avoided costs were identified that
more than offset the potential costs of treatments. In-
creased carbon storage is one of those benefits that will
likely become more important as efforts increase to
reduce greenhouse gas emissions.


While Mason et al. (2003) evaluated the effectiveness
of alternative treatment intensities, all of the treatments
were simulated in the initial year without considering the
length of time it would take to phase in and complete a
treatment program. Wildfire was also evaluated as a
treatment for impact comparison to mechanical treat-
ments designed to reduce fuel loads and fire hazard. This
allows the direct comparison of fire and thinning treat-
ments, and when coupled with predicted rates of fire that
are dependent upon fire risk and the timing of mechani -
cal treatments provides simulations to evaluate the im-
pact of a practical implementation schedule of treat-
ments over time for a large scale landscape.


Models have been developed to simulate fires, includ-
ing the fire behavior and growth simulator FARSITE and
vegetation change models such as LANDSUM,
SIMPPLLE , and \TDDT (Chew 1995, ESSA 2005, Finney
2004, Keane et al. 1997). A limitation for FARSITE, espe-
cially at large scales, however, is the need for detailed and
spatially explicit information. The vegetation change
models require large amounts of user-defined data input,
including vegetation change pathways, without a close
relationship to supporting models such as FVS (Barrett
2001). For this study, FVS was used to project tree-lists
which in turn were used to evaluate economics, habitat,
and carbon accounting based on new research in carbon
life cycle analysis and to provide inputs to FFE for a fire
hazard analysis.


Carbon Life Cycle Analysis Modeling
The Consortium for Research on Renewable Indus-


trial Materials (CORRIM) has recently released reports
covering the full life cycle assessment of the environmen-


tal performance of using wood products in residential
construction (Bowyer et al. 2004a, Lippke et al. 2004,
Wood and Fiber Sci. 2005). Included in this research is
accounting for four major carbon pools:


1. carbon in the forest;
2. carbon in products that leave the forest;
3. carbon associated with the use of forest biomass


and product residuals as an energy source; and
4. the carbon offsets from the substitution that oc-


curs when wood building materials displace
products such as steel or concrete, which are fos-
sil fuel intensive in their manufacture and subse-
quently contribute to the release of greenhouse
gases such as CO2.


An important finding in the CORRIM report is that
forests that are periodically harvested, planted, and
regrown to produce a continuing series of short- and
long-lived products and energy feedstocks, sequester and
offset more cumulative carbon than forests that are left
unharvested. This finding is illustrated by the graphs that
depict carbon accounting associated with a managed for-
est shown in Figure 1 and an unmanaged forest in Fig-
ure 2 (Lippke et al. 2004). Figure 1 characterizes the
time dynamic nature of carbon storage for a 45-year com-
mercial rotation in Western Washington as a cumulative
sequence of carbon in the forest, in products, and the im-
pact of the product in substituting for non-wood prod-
ucts. Figure 2 shows the accumulation over time of car-
bon for the same beginning forest inventory, but with no
treatments, no disturbances such as wildfire, and no
products and hence no substitution for fossil intensive
products or fuels.


While the carbon in the forest in Figure 1 is shown to
cycle with each rotation around a steady-state trendline,
the carbon in product pools net of energy used in harvest-
ing, processing, and construction increases slowly over
time. When the carbon emissions from the displacement
of fossil fuels by wood residuals used for energy genera-
tion and the displacement of fossil fuel intensive building
products (such as steel and concrete) are included, there
is a substantial trend increase in total carbon that can be
seen to surpass the cumulative carbon storage in forest
biomass when there is no harvest activity - as shown in
Figure 2.


The CORRIM analysis provides a method for tracking
the carbon through all important carbon pools but does
not consider forest disturbances such as fire. When con-
sidered in the context of Inland West forest conditions, the
findings in the CORRIM report for the Northwest raise in-
teresting questions about the impact on carbon emissions
resulting from intense forest fires as a consequence of fail-
ure to remove excessive fuel loads. Fires reduce the oppor-
tunity to produce long-lived products while creating re-
generation challenges that may result in a loss of forest
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Figure 2. - Carbon
pools in a Pacific North-
west forest for stem,
roots, crown, and litter
with no harvest (no ac-
tion) and no natural
disturbance.
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Figure 1. - Carbon pools in a Pacific Northwest forest in products and energy displacement and fossil intensive substi-
tutes (concrete frame vs. wood frame) with 45-year rotation.
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productivity for extended periods of time. Forest fires also
release large volumes of carbon into the atmosphere.


Study Objectives and Methods
This study addresses limitations in both the CORRIM


analysis and the research by Mason et al. (2003) by incor-
porating fire disturbance into treatment regimes and car-
bon predictions (Bowyer et al. 2004b). First, a distur-
bance model to predict the frequency of fires was
developed based upon the fire history of the selected Na-
tional Forest. The disturbance model included the ability
to calibrate the rate of new fires with the FVS-FFE pre-
dictions of fire hazard. After developing the disturbance
model, the impacts of treatments are evaluated based on


the treatments developed by Mason et al. (2003) for the
Okanogan National Forest. Landscape management
alternatives are developed to:


1. compare mechanical treatments intensities that
reduce the fire hazard;


2. consider the consequences of immediate versus
delayed treatments; and


3. include the probability of fire effects through
time on forests that have a high and moderate
hazard of crown fire as dependent upon growth
and treatment history.


The resulting carbon storage, the risk of fire ignition and
the magnitude of the forest fire hazard depends upon a
combination of factors including the mechanical treat-
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ments, the length of time it takes to implement the treat-
ments, and the changing probability and intensity of fire
as a result of fuels reduction treatments or fires and fuel
additions from treatments and growth. The results are in-
tended as a demonstration of a prototype methodology,
with some simplifying assumptions used to enhance the
tutorial value.


To develop landscape management alternatives, a
non-spatial, forest stratum-based, area allocation model
was developed to take advantage of the FFE and carbon
life cycle analysis models recently developed for FVS and
the Landscape Management System (LMS). Alternative
treatment pathways were simulated for each forest
strata, with tree list inventories representing vegetation
conditions at each point in time. A fire disturbance (rate
of burn) model was developed and incorporated into the
area allocation model where the probability of fire in any
given period is dependent upon the fire hazard classifica-
tion of the forest vegetation which in turn depends upon
treatments. LMS with FVS-FFE was used to simulate
growth, treatments, fire, and produce per acre output
metrics including acres burned, economics, carbon
stored, and other ecological metrics.


Models and Simulation Data
The Landscape Management System (LMS) was used


to simulate the impact of various treatment alternatives
within the Okanogan National Forest in Washington
State (McCarter et al. 1998). LMS is a detailed forestry
software program that manages tree list data subject to
harvest and growth simulations over time and is
equipped with analysis modules for quantifying biomass,
log quality and product outputs, stand structure impact-
ing fire hazard and habitat, carbon, and other environ-
mental and economic metrics. LMS has been designed to
use any of a variety of growth models including the Forest
Vegetation Simulator (FVS) created by the USDA Forest
Service. FVS is an individual-tree, distance-independent
growth and yield model (Crookston 1990, Dixon 2003).
FVS can be used to simulate silviculture treatments along
with growth and yield for most major forest tree species,
forest types, and stand conditions. Variants of FVS pro-
vide growth and yield models for specific geographic ar-
eas of the United States. For this investigation, the East
Cascades Variant of FVS was selected for use with
Okanogan National Forest forest inventory data. The
Fire and Fuels Extension to the Forest Vegetation Simu-
lator (FFE-FVS) links existing FVS models, that repre-
sent fire and fire-effects, with newly developed fuels dy-
namics and crowning submodels (Beukema et al. 1997,
Scott and Reinhardt 2001). The Fire and Fuels Extension
(FFE) has been developed to assess hazard, behavior, and
impact of fire in forest ecosystems (Reinhardt and
Crookston 2003). FFE can produce reports of changes in
various indices of potential fire severity as a result of al-


terations to stand characteristics resulting from simu-
lated management alternatives.


Forest inventory data for the Okanogan National For-
est were assembled from the Continuous Vegetation Sur-
vey (CVS). All plots were analyzed for stand structure
characteristics and relative fire hazard (Hardy 2005). A
high, moderate, or low fire hazard classification was as-
signed for each CVS plot in the simulation dataset based
on the Severe Crowning Index assessment from the Po-
tential Fire Report produced by FFE. The Crowning In-
dex indicates the estimated wind speed in miles per hour
(mph) at 20 ft off of the ground that would initiate an ac-
tive crown fire assuming ignition of surface fuels. As-
sumptions required by the model include a temperature
of 70°F and 'very dry' moisture conditions (Crookston et
al. 2002). If the crowning index was !^ 25 mph, then the
plot was considered to be in the high fire hazard category.
Moderate hazard stands were those with a Severe Crown-
ing Index >25 mph, but 15 50 mph. Low fire hazard stands
were those with a crowning index> 50 mph. While rela-
tive fire hazard is actually a continuous function rather
than discrete classes, there are tutorial benefits of trans-
parency in effects when observing the transitions from
one hazard class to another.


The Okanogan National Forest includes 216,403 acres
of high fire hazard as evaluated on 117 inventory plots,
369,920 acres of moderate fire hazard on 200 plots, and
177,562 acres of low fire hazard on 96 plots. To simplify
the analysis for a prototype demonstration of the meth-
odology, one plot from each fire hazard classification
group with attributes closest to the classification average
was selected to represent the associated acres. Data for
the Okanogan National Forest was collected during the
period from 1994 to 1996. A base year of 1995 was se-
lected as the start point. The 1995 CVS inventory data
was "grown" forward within FVS for one growth period
of 5 years to 2000 to initiate the treatment simulations.


Treatments
A range of mechanical treatment intensities were se-


lected that have been developed in previous studies to
provide an opportunity for broadest utility and research
continuity (Mason et al. 2003, Fiedler et al. 2001). Treat-
ments evaluated were:


• 12&Over: Removing trees 12 in. in diameter at
breast height (DBH) and larger (I 2&Over), repre-
sents a selective harvest of the largest and most
valuable trees. This treatment demonstrates a high
short-term revenue yield that maximizes produc-
tion of long-lived products. This treatment is remi-
niscent of past practices sometimes referred to as
high grading.


• 9&Under: Removing trees 9 in. DBH and lower
(9&Under) demonstrates a light touch attempt at
lowering the fire intensity hazard while retaining
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as much large tree biomass in the forest as possi-
ble. With this treatment little merchantable mate-
rial is removed. This treatment was proposed for
broad application on Inland West National Forests
by Babbitt and Glickman (2000).
BA45: Thinning from below to a target of 45 ft2
basal area per acre (BA45) represents an opportu-
nity to generate revenue while leaving the largest
trees, reducing the ladder fuels that are known to
increase the fire hazard, and returning the forest
to more open pre-settlement conditions. For refer-
ence, 45 ft2 of basal area per acre is approximately
equivalent to 57 trees per acre that are 12 in. DBH.


Treatment Implementation Schedules
To evaluate the effect of timing, a set of simulations


was developed for the 12&Over, 9&Under, and BA45
treatments. The expanded simulation set included man-
agement pathways with the treatments allocated equally
to each 5-year interval from 2000 to 2020 for a 25-year
phase-in of the treatments. This set resulted in three
treatments intensities with five treatment schedules (15
simulations in total).


Next, a set of simulations accounting for the timing of
fire was developed for each treatment set. For each man-
agement pathway, a set of potential disturbance path-
ways was developed with the fire event occurring in each
5-year modeling interval from 2000 to 2050. If the inven-
tory was classified as low fire hazard in the period when a
fire was to occur, however, the fire event did not occur.
The total number of potential treatment simulations de-
veloped was: three treatments intensities with five treat-
ment schedules with 11 fire events (165 simulations). In
addition, 11 no action treatment simulations with fire
events were modeled.


To reduce simulation time, only two fires events were
simulated: the high hazard group and moderate hazard
group representative inventories in 2000. Post-fire inven-
tories were then simulated with no action until 2050.
When fire events occurred in a pathway, post fire values
were based on one of these two simulations rather than
updating the inventory each period. While this is a com-
promise in fire predictions for a specific year, because fire
hazard classification was still based on actual inventories
that change relatively slowly, this post-fire simplification
was considered acceptable for demonstration of land-
scape level trends.


The full set of simulations completed for each repre-
sentative inventory determined the 176 potential man-
agement and fire disturbance pathways for the high,
moderate, and low fire hazard groups. An area allocation
model was then used to develop management scenarios
for the Okanogan National Forest. The percentage of
group acres following a particular treatment pathway
was controlled directly; however, the percentage of those


acres following a particular fire disturbance pathway
was controlled by a fire probability model described be-
low. Acres that burned before a scheduled treatment were
not mechanically treated.


Fire Probability Model
A deterministic fire disturbance model was created


based on the portion of landscape susceptible to burn de-
fined by the same fire hazard classification used to strat-
ify the initial Okanogan National Forest inventory. A
user-defined percentage of area in each class was burned
for each time period, resulting in assignment of acres
from the original treatment pathway to the appropriate
treatment with disturbance pathway. Treatment path-
ways reduced the frequency of fires by moving stands out
of higher hazard classes. The model allows separate burn
rates to be set each period for each hazard classification.


The model was calibrated for cumulative acres burned
over the entire simulation time period and for acres
burned during each 5-year simulation cycle based upon
investigations of refugia thought to have resulted from
pre-settlement fire behavior. Camp et al. (1996), in an in-
vestigation of historic fire behavior in the Wenatchee Na-
tional Forest, found evidence to suggest that, prior to Eu-
ropean settlement, most of the forest burned regularly in
short fire return intervals with the exception of scattered
pockets of refugia primarily located in moist areas such
as north facing slopes and riparian zones. Study results
estimated that unburned pre-settlement refugia ac-
counted for approximately 12 percent of the study area
and less than 20 percent of the broader landscape. Olson
(2000) found that in areas of Oregon's Blue Mountains
and Cascades that there was little if any refugia that re-
mained fire free prior to European settlement including
riparian areas. While predicting the timing and intensity
of fire ignitions is problematic, Camp and others sug-
gested that present risks and hazards of ignition and
crown fire in overstocked forests are reasonably much
higher than that of pre-settlement conditions. Subse-
quently, in many forests that have grown over the last
century into homogenous densely stocked landscapes
with high hazard fuel loads and no fuel breaks, intense
crown fires will likely burn through entire areas, some of
which may have previously been refugia. For this study,
however, a target of 18 percent fire-free refugia was cho-
sen to be retained across the high fire risk landscape as a
credibly conservative target for areas that might remain
unburned during a 50-year simulation period. Refugia
was defined for those acres classified as high hazard ini-
tially. The remaining 82 percent was "burned" based on
an equal probability distribution of fires in the high fire
risk forest acres during each 5-year simulation cycle.


To demonstrate a relationship between hazard sever-
ity and fire frequency, the moderate hazard group was as-
sumed to be approximately half as likely to burn as the


Lippke, Comnick, Mason, and Stokes	 51







high hazard group, and low hazard stands would be un-
likely to burn (0% probability) as long as they remained
in that hazard class. Through trial and error, a 14 percent
periodic burn probability for the high hazard group re-
duced the refugia to about 18 percent by 2050. For the en-
tire Okanogan National Forest, since the burn rate for the
moderate hazard was only half that of the high group and
the low group did not burn, the number of unburned
acres by 2050 was still much higher than the 18 percent
refugia target. This is illustrated in Figure 3. These peri-
odic burn probabilities were applied to each landscape
scenario. To simplify this demonstration, the potential
impacts of forest fires in previously burned forests were
ignored by assuming that, once burned, an area does not
reburn before the end of the investigation period, even in
cases where simulated hazard class returns to high and
moderate conditions.


Landscape Scenarios


In addition to the immediate treatment schedule in-
cluding fire, an additional set of treatment scenarios
were phased in over 25 years to demonstrate the compar-
ative impacts of a designed thinning treatment schedule.
In the First landscape simulation set, all high and moder-
ate fire hazard acres were treated with 12&Over, 9&Un-
der, and BA45, and all treatments occurred in 2000. These
landscape scenarios were titled '12&Over Immediate',
'9&Under Immediate', and 'BA45 Immediate'. A 'No Ac-
tion' treatment with fire disturbance events was also in-
cluded. In the second set, the 25-year phase-in of treat-
ments was demonstrated with 20 percent of the high and
moderate hazard acres available in each 5-year interval
treated during the five modeling cycles from 2000 to
2020. These landscape scenarios were titled '12&Over 25
Yr Phase-In', '9&Under 25 Yr Phase-In', and 'BA45 25 Yr
Phase-In'. For all of the treatment scenarios, only acres in
the high or moderate hazard group in 2000 were consid-
ered for mechanical treatment during the 25-year
phase-in; however, all acres were subject to burning with


the burn rate dependent upon hazard class. For all seven
landscape scenarios, all of the acres (treated, untreated,
burned, unburned) were simulated in 5-year growth
cycles to the end of the investigation period at 2050.


Assessment of Fire Hazard, Carbon,
and Economics


Fire hazard, carbon, and economic management out-
comes were analyzed at the end of each 5-year model in-
terval for each landscape scenario. To evaluate fire haz-
ard reduction effectiveness, the number of acres burned,
low hazard acres, and unburned acres were calculated.
Results were based on the fire hazard classification eval-
uation developed from the Fire & Fuels Extension (FFE)
to FVS.


A life cycle assessment of environmental burdens de-
veloped by CORRIM serves as an accounting system for
the carbon consequences of forest management alterna-
tives (Manriquez 2002, Perez-Garcia et al. 2005). Esti-
mates of changes in the amount of carbon stored over
time in the standing forest are calculated using biomass
to carbon conversion factors specified by species for tree
bole, bark, foliage, limbs, and roots. Any material har-
vested is exported to product manufacturing or left to de-
compose, a carbon loss. Estimates of carbon stored in
each type of harvested wood products are also calculated
with short-lived products such as chips for paper subject
to fairly rapid decomposition. Estimates of carbon emit-
ted to the atmosphere from harvesting and manufactur-
ing operations are considered as reductions to carbon
stored in wood products. Estimated as well is the amount
of carbon not emitted by the reduction in fossil fuel en-
ergy generation by wood used in a wood boiler for heat
and energy, a partial offset to the total processing energy
used in manufacturing, and the substitution of wood for
concrete frame as the prevailing non-wood construction
material. The model is implemented in Microsoft Excel
and works in tandem with LMS, allowing a comprehen-
sive estimate of forest carbon storage, substitution, and


: Refugia -	- 6ntire ONF


100%


90%


80%


70%


60%


50%


40%


30%


20%


10%


0%


Figure 3. - Unburned Okanogan Na-
tional Forest and high fire hazard refugia
through time with no thinning treat- a
ments.
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displacement over time for different management alter-
natives. This carbon assessment process is based on stud-
ies of wood biomass carbon content, decomposition,
product utilization harvesting and manufacturing, pur-
chased energy emissions, biofuel use, and construction
alternatives (Birdsay 1992, Bowyer et al. 2004, Franklin
Associates 1998, Gholz et al. 1979, Harmon 1992).
Changes in forest biomass from growth (simulated with
FVS) and decomposition are simulated and converted to
stored carbon pool estimates. Carbon amounts are
moved from the forest to the products pool following a
silvicultural operation, simulated in LMS. The model cal-
culates log utilization to determine amounts of short-
term and long-term products. These products are either
decomposed through time or used for biofuel (short-
term) or product substitution (long-term). Emissions
from harvesting and manufacturing are determined from
the types of silvicultural treatments performed and the
amount of harvest volume removed and processed.


Three broad categories of carbon are used to charac-
terize impacts: forest, products, and substitution. Prod-
ucts carbon is calculated as net of all carbon releases as-
sociated with harvesting and processing activities. The
biofuel resource generated from product manufacturing
residuals such as, bark, sawdust, planer shavings, etc. is
modeled as an energy resource offsetting some of the car-
bon emissions generated from the fossil energy sources
otherwise used in manufacturing. The biomass for bio-
energy reduces the carbon in the forest but offsets much
of the fossil fuel energy and related carbon emissions that
would otherwise need to be purchased for harvesting and
product manufacture. The long-lived product volumes
such as lumber and panels displace non-wood products
such as steel and concrete which are more energy inten-
sive in manufacture. For this study, total carbon (forest,
products, and substitution) are presented with more
detail provided in Lippke et al. (2006).


An economic analysis was provided for treatment
costs and firefighting costs. An average net return or cost
per acre was calculated for each thinning treatment
based upon harvest economic results generated in a pre-
vious study of the Okanogan National Forest by Mason et
al. (2003). These values are provided in Table 1. Total
present value of revenues and costs associated with fuels
reduction treatments for each treatment intensity ex-
panded to reflect landscape outcomes was calculated by
multiplying the per acre values for corresponding treat-
ments by the number of acres treated in each time inter-
val. All revenues and costs were then discounted back to
the start year to generate a net present value (NPV) esti-
mate for each series of treatments (Table 2).


Averages of historic firefighting costs are used to esti-
mate the future benefit of lowering fire hazard through
fuel reduction activities. While precise assessments are
impossible, approximations of the value trade-offs asso-


Table 1.— Net returns from harvesting treatments with
high, low, and average logging costs.


High logging Low logging	Mean net
Treatment	costs	costs	return


12&Over	$1,025	$1,953	$1,489
9&Under	$ (345)	$ (287)	$ (316)
BA45	 $(169)	$291	$61


ciated with investments today to avoid future hazards are
useful. Plots thinned to remove fuel loads have been
shown to be unlikely to experience crown fires (Omni and
Martinson 2002). Accounting for the value of that re-
duced hazard exposure must take into consideration
both the consequences of not thinning and the reduction
in cost by thinning adjusted for the time value of money.
The savings of future firefighting costs must be dis-
counted to an expected present value based upon either a
reasonable estimated time to fire or based upon a distrib-
uted fire event probability such as provided by the above
simulation.


For this investigation, firefighting costs were esti-
mated to be $1000 per acre; reflecting the approximate
average firefighting costs for the Okanogan National For-
est for the last decade. It is worth noting that the compa-
rable cost for non-federal firefighting costs in Washing-
ton (WADNR 2004) is over $2000 per acre largely due to
the greater number of large fires on federal acres with
less intensive suppression activities. The landscape cost
was determined by multiplying the number of acres
burned each period by the firefighting cost. A 5 percent
discount rate was used to convert all future anticipated
firefighting cost liability exposures to present value dol-
lars (Table 2).


Discussion of Results
Post treatment results are tabulated in Table 2 for


acres burned and unburned, acres categorized by hazard
class, carbon, and economics. Total carbon values are
provided in million metric tons for the Okanogan Na-
tional Forest. Economic results are provided for the net
present value of treatments for each landscape scenario
(Harvest Value NPV), the net present value of firefighting
costs for each landscape scenario (Firefighting NPV),
and total net present value (Harvest Value NPV + Fire-
fighting NPV). All NPV values are provided in million dol-
lars using a 5 percent discount rate. Results are provided
for both an "Immediate" treatment and a "25 Yr Phase-
In" and segmented between the first half of the simula-
tion and last half to demonstrate the sensitivity to re-
growth after initial treatments.


Model Critique
The simple fire disturbance model assumes that fire


frequency is based on the abundance of high and moder-
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Table 2. - Results for three analysis periods: acres burned, low hazard acres, acres unburned, forest carbon, total
carbon, and economics.


12&Over	9&Under	BA45	12&Over	9&Under	BA45 25-yr
NA	Immediate	Immediate	Immediate 25-yr Phase-in 25-yr Phase-in	Phase-in


Fire Risk Reduction (acres)
Acres burned/period


Mean: 2000-2020	60,375	63,334	47,546	18,341	60,967	51,198	32,033
Mean: 2025-2050	40,324	39,708	35,136	48,247	40,201	34,006	35,562
Mean: all years	49,438	50,447	40,777	34,653	49,640	41,820	33,958


High hazard acres
Mean: 2000-2020	234,496	345,845	112,358	0	268,573	134,978	76,260
Mean: 2025-2050	190,680	176,979	67,964	104,120	187,940	64,133	37,005
Mean: all years	210,596	253,736	88,143	56,793	224,591	96,335	54,848


Low hazard acres
Mean: 2000-2020	234,896	320,089	270,081	525,729	264,639	240,802	421,769
Mean: 2025-2050	198,010	197,387	165,285	177,105	198,757	161,324	184,928
Mean: all years	214,776	253,161	212,920	335,570	228,703	197,451	292,583


Unburned acres
Mean: 2000-2020	590,415	584,496	635,700	735,057	590,267	613,191	659,736
Mean: 2025-2050	305,613	292,049	393,953	509,605	302,900	379,332	485,188
Mean: all years	435,068	424,979	503,838	612,083	433,521	485,632	564,528


Carbon Impact (million metric tons)
Forest carbon


Mean: 2000-2020
Mean: 2025-2050
Mean: all years


Total carbon
Mean: 2000-2020
Mean: 2025-2050
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29.0	34.7
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20.3	24.3


	


20.9	24.4


	


31.4	27.0


	


35.0	27.7


21.5
20.7
21.1


29.5
33.0


Mean: all years	24.9	36.7	28.5	32.9	33.4	27.4	31.4
Economics (million $)
Harvest value


NPV: all years	0	$873	$(185)	$36	$457	$(100)	$20
Firefighting costs


NPV: all years	$ (237)	$ (241)	$ (181)	$ (90)	$ (237)	$ (202)	$ (147)
Total value


NPV: all years	$ (237)	$ 632	$ (366)	$ (54)	$ 220	$ (302)	$ (127)


ate hazard acres. At the landscape scale, this parallels the
recognized historical trend in interior western ecosys-
tems: as the number of high risk acres has increased,
wildfire magnitude and intensity have also increased. At
more site-specific scales, this assumption oversimplifies
the complex nature of forest fire events. Directing treat-
ments at certain terrain and fire breaks may have a
greater impact in reducing fire hazard than the simula-
tions suggest. Results are, therefore, most appropriate to
compare relative differences between management
alternatives at the landscape scale.


For simplification purposes, fire events were limited
by the number of times an acre could burn. Both the
characteristics of a second burn and the probability of
such a burn are different than a first burn in many years.
Predicting the rate that ladder fuels are restored through


regrowth is difficult. Because reburns are realistic within
the analysis period (55 years), the assumption of no
reburns most probably biases the burn rate down for
later time periods. Since growth rates are relatively slow
in interior forests; reburned acres would likely contain
lower amounts of carbon, so the reburn assumption
should have relatively little impact on carbon results
within the analysis period. To further isolate this assump-
tion, results were provided for three time periods:
2000-2020, 2025-2050, and the entire analysis period.


Fire Hazard Reduction
The effectiveness of treatments in reducing the num-


ber of high hazard acres and raising the number of low
hazard acres (reducing fire risk) compared to No Action
is shown in Figures 4 and 5. The BA45 treatment elimi-
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Figure 4. — High hazard
acres in each 5-year period
by landscape scenario.


Figure 5. - Low hazard
acres in each 5-year period
by landscape scenario.
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nates high hazard acres for almost 45 years but the trans-
fer of treated stands to low hazard acres declines quickly,
first from continued stand growth in the initial low haz-
ard acres moving them up to moderate hazard and then
from regrowth after treatment. After 20 years, the hazard
begins to return unless a second round of mechanical
treatments or controlled burns are implemented. Neither
the 9&Under or the 12 &Over  treatment reduce the ladder
fuels enough to reduce the hazardous acres for more than
a few years. While the 9&Under treatment does reduce
some acres from high to moderate and some from moder-
ate to low this transition lasts for only a few years as the
initial low hazard acres move quickly into the moderate
class, whereas the heavier BA45 treatment takes longer
for this transition. Similarly the I 2&Over treatment re-
tains most ladder fuels and the transition to lower expo-
sure is minimal even though the character of fire would
be changed. The No Action alternative results in a steady
rate of fires and new burned acres maintaining 25 to 30
percent of the acres in the low hazard category much like
the initial condition, but with a high fire hazard for a
large portion of the remaining acres.


Lippke, Connick, Mason, and Stokes


With the more feasible 25 Yr Phase-In period the share
of acres in the low hazard class for the BA45 treatment in-
creases by about 80 percent over the alternatives but res-
toration of hazardous undergrowth reduces the benefit
after about 25 years.


If all of the at risk acres could be treated with BA 45 im-
mediately, Figure 6 shows that the acres burned each pe-
riod would fall to low levels for 20 years but without con-
tinued treatments be no better than the other alternatives
after 20 years. But, for the 25 Yr Phase-In, the rate of burn
is cut almost in half from 60,000 acres per year to 32,000
per year. The increase in acres burned after 15 years un-
der the No Action alternative is a response to the decline
in the low hazard acres as growth moves stands to a
higher hazard class.


As a caveat, fire hazard trends would likely be more
gradual and slower to transition. Using a continuous fire
hazard function rather than discrete hazard categories
and greater resolution in grouping would capture more
variation and smooth out the transitions. Some initially
low hazard acres may also be at the forest-range inter-
face. These marginal forests might not be expected to
ever grow into the moderate hazard class due to very lim-
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Figure 6.—Acres burned in
each 5-year period by land-
scape scenario.


Figure 7. - Forest carbon
over time by landscape sce-
nario.
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ited growing space and grazing. But, forests that have un-
precedented fuel loads, more homogenous fuel load dis-
tributions than patchy pre-European forests, and are
decades outside of historic fire return cycles are likely to
burn larger acreages with intense fires sooner rather than
later (Hessburg et al. 2005).


During later periods, the number of acres that burn
steadily decline as many of the high and moderate hazard
acres have experienced fire simulations by this time and
conservative assumptions on not considering reburns in
the simulation interval reduces the number of acres eligi-
ble for ignition. Reburns could occur within the 55 year
analysis period and could be expected given the drop in
low hazard acres shown in Figure 5.


If forests are thinned heavily from below to remove
ladder fuels, and understory regrowth is periodically
burned or otherwise removed, stands are more likely to
grow into more sustainable savanna conditions. These
stands would be characterized by sparse densities of
large overstory conifers with high crown bulk density,
and be more resistant to fire (Everett 2005).


Carbon Impacts
The carbon estimates for the No Action simulation


Figure 7 show increasing carbon in the forest until 2015
and coincident with increased fires, decreasing carbon
during the latter time periods (2015-2050). Nearly 5 mil-
lion metric tons of carbon are released into the atmo-
sphere during the analysis period due to forest fire
events. The influence of high mortality disturbance
events such as forest fires results in very different carbon
estimates for No Action scenarios when compared to the
no action/no disturbance west side example shown ear-
lier (Fig. 2).


All treatment scenarios remove carbon from the for-
est, resulting in lower mean carbon in the forest during
the early periods (2000-2020). The BA45 and 9&Under
scenarios, however, resulted in more carbon in the forest
by 2050. Differences in forest carbon between scenarios
can primarily be attributed to fire hazard reduction effec-
tiveness which decreases the number of fire events
(burned acres) that release carbon into the atmosphere.


Figure 8 shows that all of the treatment scenarios re-
sult in more total carbon than No Action when a more


56	 Woody Biomass Utilization: Challenges and Opportunities







45.0
40.0
35.0


a
30.0
25.0
20.0


C
0


15.0


10.0
5.0
0.0


Immediate Treatment Schedule


o In a in e In 0 in ino 0	- N N fl	 U)


o 0 0 0 0 0 0 0 0 0 0
N N N N N N N N N P1 N


ver Immediate--- NA


	


ider Immediate TTBM5 	Immediate 1


25 Year Phase-In Treatment Schedule
45.0
40.0
35.0a
30.0
25.0
20.0
15.0
10.0


5.0
0.0 o in in in C fl 0 i) 0 in o


e in - - N m	',	in
o in in in o 0 0 0 0 0 0
P1 N N N (.1 N N N N N N


e NA	 25 Yr Phase In
Under2cr Phase IflJBMSYr Phase


Figure 8. - Total carbon
(forest, products, and sub-
stitution) over time by
landscape scenario.


complete systems perspective is taken that includes car-
bon in products and avoided emissions. The No Action
scenario results in higher burn rates effectively capping
the amount of carbon stored in the forest with the carbon
increasing emissions in contrast to treatments that cap-
ture more of that carbon in longer lived product storage
such as housing. While the 12&Over treatment moves
larger volumes into long-lived products quickly, since it
does not reduce fires effectively the BA 45 treatment in
time catches up. BA45 both reduces fire hazard and gen-
erates wood products that also substitute for fossil inten-
sive products. Over the total period, BA45 stores about
6.5 million metric tons more than No Action compared to
8.5 more for 1 2&Over. The benefit of reduced fires builds
up overtime with BA45 producing 12 million metric tons
more carbon than No Action by the end of the period. The
CORRIM model accounting highlights the significance
of life cycle analysis for a better understanding of stored
carbon and avoided emissions from short- and long-lived
products and fossil fuel offsets for assessment of alterna-
tive treatment trade-offs. Results will, of course, vary
with the degree to which biofuels are used to displace fos-
sil fuels as well as more or less substitution of wood for
steel or concrete in building alternatives. But, coupling
CORRIM research with studies on fire hazard reduction
demonstrates the complexities inherent in development
of successful strategies for carbon emissions reductions
in the Inland West.


When comparing treatments to No Action in percent-
age terms the increase in the mean total carbon storage is
substantial (26% during the total analysis period, 38%
during the later period between 2025 and 2050, and more
than 50% by the end of the 50-year period). Figure 7
demonstrates that the high carbon in forest biomass as-
sociated with the No Action alternative cannot continue
to increase. Over time the high and moderate hazard
classes (highest biomass and carbon stores) experience
forest fires with subsequent carbon release


Lippke, Comnick, Mason, and Stokes


Not unlike fire hazard reduction effectiveness, the car-
bon results for the 25 Yr Phase-In scenarios demonstrate
reduced impacts from delaying treatments. BA45 Phase-
In is 5 percent below BA Immediate over the total period,
with the difference somewhat less at the end of the pe-
riod. When the carbon releases associated with fire
events are considered, it is apparent that delaying imple-
mentation of fuels reduction activities can result in a sig-
nificant compromise to overall treatment effectiveness.


Economic Tradeoffs
A simple economic analysis is provided to demon-


strate tradeoffs between scenarios. Due to estimated re-
curring firefighting cost liabilities, the simulations show
that failure to reduce fuel loads (No Action) results in a
public cost exposure for fire suppression activities
through the simulation period of approximately $237
million (NPV Table 2). If weather events contribute to
forest fires occurring sooner, this estimated cost of
suppression would logically increase.


Harvest returns and fuels treatment costs, as men-
tioned above, indicate that treatment alternatives could
result in net revenue or cost depending upon the amount
and value of merchantable logs removed in the treatment
simulation. The composite economic analyses for the
treatment scenarios presented here examined the inter-
action between reducing firefighting costs by lowering
the fire hazard and incurring additional treatment costs
or generating revenue from log and slash removals. The
12&Over scenarios (Immediate and 25 Yr Phase-In) re-
sulted in the only total value positive returns, due to the
high value of wood removed. The 12&Over treatments,
however, were least successful at fire hazard reduction
and resulted in the most acres burned. Log revenues re-
moved early in the period were of sufficient magnitude to
absorb high firefighting costs.


The 9&Under scenarios (Immediate and 25 Yr Phase-
In) result in negative treatment values and provide only
marginal fire hazard reduction. While the net present
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value of firefighting costs is reduced by approximately
$56 million compared to No Action, the 9&Under scenar-
ios produce the largest overall public cost after treatment
expenditures are included. Total net present cost expo-
sure for the Okanogan National Forest with the 9&Under
Immediate treatment is $366 million and $302 million
for 9&Under 25 Yr Phase-In.


The BA45 scenarios (Immediate and 25 Yr Phase-In)
produce marginal but positive average thinning treat-
ment returns of $61 per acre. Therefore, differences from
No Action are almost entirely caused by the reduced fire
hazard and subsequent firefighting costs. The BA45 sce-
narios resulted in significant reduction of net present
public cost exposure as compared to No Action: nearly
$183 million less for BA45 Immediate and $110 million
less for BA45 25 Yr Phase-In. Note that while the BA45
scenarios appear most successful in achieving the range
of management objectives considered, the BA45 scenar-
ios still result in costs greater than revenue. Tthe differ-
ence between the magnitude of the positive return gener-
ated by the 12&Over Immediate (in spite of higher
fire-fighting expenses) and the BA45 Immediate, how-
ever, may indicate that a slight modification in this treat-
ment prescription to increase merchantable timber re-
movals could provide a cost neutral hazard reduction
option while still maximizing carbon storage and restor-
ing large-diameter savannah-like forest conditions. As
with other management objectives, the cost of delaying
treatments can be quantified, with total savings reduced
by nearly 40 percent for BA45 25 Yr Phase-In as
compared to BA45 Immediate.


It was noted earlier that fire suppression costs on
non-federal acres are roughly twice as high as on federal
acres increasing the return for treatments. If in addition
to firefighting costs, other avoided costs such as fatali-
ties, facility losses, and regeneration costs are included,
the treatment schedule with the least number of acres
burned will provide the most favorable economic result
(Mason et al. 2003). That is, the net cost of BA45 would be
reduced while that of 12&Over would increase. Average
values are only appropriate for relative comparisons of
landscape trends and treatment performance. A more
comprehensive landscape-level hazard reduction would
logically include a mix of customized treatment intensi-
ties sensitive to actual inventory conditions, public
values at risk and local concerns.


Conclusions
Previous research has demonstrated that treatment


thinning intensity is an important factor in successful
stand fire hazard reduction. On a national forest, several
thinning intensities could be successful depending on
site-specific forest inventory conditions, with heavier
thinnings from below (BA45) typically being more suc-
cessful in most forest conditions (Fiedler 2001, Mason et


al 2003). This research demonstrated that treatment im-
plementation timing is an important factor in landscape
fire hazard reduction. Compared to immediate treat-
ments, delayed treatment schedules resulted in more
acres burned, decreased total carbon, and increased pub-
lic exposure to firefighting costs. The No Action scenario
produced the worst results. Benefits from thinning, how-
ever, may be relatively short-lived as re-growth results in
increased hazard within about 25 years. Periodic re-entry
for fuels removal is required to keep the fire hazard low.


The complex accounting required to accurately assess
carbon strategies for high fire hazard Inland West forests
was also demonstrated. The No Action scenario illus-
trated that the disturbance-free Pacific Northwest forest
carbon projection (Fig. 2) while realistic for wetter
coastal forests does not accurately reflect Inland West
carbon storage and emissions where frequent and in-
tense fire disturbances are expected. In the long-term, the
most carbon in the forest will likely be stored by success-
fully reducing fire hazard and the number of acres
burned. Simulations also demonstrate that while fire re-
duction treatments remove carbon from the forests,
much of the carbon is then stored in long-lived products.
When total carbon accounting is considered, the No
Action scenario results in significantly more carbon
emissions to the atmosphere than all other landscape
scenarios. From a carbon storage perspective the most
attractive scenario includes production of long-lived pro-
ducts from as much of the volume as practical, using the
remaining residuals as a biofuel and reducing fire risk.


The ability to use FVS and FFE to predict forest vege-
tation growth, treatment impacts, and fire impacts, and
any of the tree list analyses developed for LMS to predict
other results such as carbon provides many advantages.
Basing landscape results on FVS and LMS creates consis-
tency between multiple modeling and planning scales, as
FVS and LMS are designed to support site-specific, indi-
vidual stand management decisions for operational or
planning support.
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ABSTRACT


The study utilized the results from a life-cycle assessment (LCA) of housing construction to analyze
forest products’ role in energy displacement and carbon cycling. It analyzed the behavior of three carbon
pools associated with forest products: the forest, forest products, and fossil fuel displaced by forest
products in end-use markets. The LCA provided data that allowed us to create an accounting system that
tracked carbon from sequestration to substitution in forest product end-use markets. The accounts are
time-dependent since the size of the carbon pools is influenced by harvest timing; hence the size of each
pool is estimated under alternative harvesting scenarios and presented over time. The analysis of the
alternative harvesting scenarios resulted in shorter harvest cycles and provided the largest carbon pools
when all three pools were considered together. The study concluded that forest products led to a signifi-
cant reduction in atmospheric carbon by displacing more fossil fuel-intensive products in housing con-
struction. The result has important policy implications since any incentive to manage forest lands to
produce a greater amount of forest products would likely increase the share of lands positively contrib-
uting to a reduction of carbon dioxide in the atmosphere.


Keywords: Wood products, market substitution, carbon pools, avoided emissions.


INTRODUCTION


The most recent IPCC report (IPCC 2001)
concluded that global change is occurring. The
report also recommended that a life-cycle
analysis is needed to describe the fate of
stored carbon in industrial applications. Ener-


gy embodied in wood products has been recog-
nized to be an important carbon pool (Koch
1991). Yet there have been few analyses that
tracked the movement of carbon from forest to
forest product end uses and accounted for em-
bodied energy and their carbon emission impli-
cations.


Wood and Fiber Science, 37 Corrim Special Issue, 2005, pp. 140 – 148
© 2006 by the Society of Wood Science and Technology







Wood products can displace fossil fuel emis-
sions by substituting for non-wood products that
utilize more fossil fuels in their manufacture. A
life-cycle assessment of wood-using sectors pro-
vided the data that were used to evaluate the
energy displaced by alternative materials and
their consequence on carbon cycling. Few stud-
ies, to our knowledge, have investigated this
question using a LCA of wood-using end mar-
kets. Glover et al. (2002) presented a life-cycle
assessment of wood versus concrete and steel in
house construction and concluded that houses
built primarily of wood required lesser amounts
of energy in their manufacture, construction, and
use, but did not link the carbon pools of forest
and forest products markets. Borjesson and Gus-
tavsson (2000) took a different approach and
examined greenhouse gas balances in building
construction and demolition. They examined the
contributions of building materials and their uses
after use and demolition, explaining that when
biogas is collected from landfills and used to
replace fossil fuels, the net greenhouse gas emis-
sion would be insignificant.


The present study analyzed the movement of
carbon and energy displacement from forests to
forest products markets. It created a carbon ac-
count for three carbon pools of forests, forest
products, and fossil fuel substitution to deter-
mine the pool sizes. It differs from the recent
life-cycle assessment by Glover et al. (2002) and
Borjesson and Gustavsson (2000) in that the car-
bon account considers all three pools: the forest
stock, the product stock, and the product market
implications of carbon emissions from fossil fuel
use. The forest stock carbon pool is represented
by standing vegetation and increases usually by
delaying or eliminating harvests. When harvest-
ing is considered, the product carbon pool is
considered as carbon transferred from standing
vegetation to some product with a specified life-
time. The third carbon pool is more complex and
is associated with energy displacement and
avoided emissions. We also considered using
biomass as a fuel for energy rather than using
forest products in end uses that compete with
alternative materials and displace energy em-
bodied in their manufacture. We considered all


three pools and focused our efforts on under-
standing the third pool since it has received less
attention, and since the recent completion of the
LCA for house construction provides the data
that allowed us to estimate the size of the carbon
pool associated with wood product substitution.


STUDY APPROACH


The study approached the problem of evalu-
ating the sizes of forest and forest product car-
bon pools by creating an accounting method that
tracked carbon from forest to product end use.
We followed the approach suggested by Samp-
son and Sedjo (1997). The method accounted for
forest carbon, carbon in products, and fossil fuel
substitution carbon. The sum of these three com-
ponents was defined as total carbon and was
measured on a per hectare basis. We also con-
sidered time since timing of harvests throughout
the lifetime of a forest, including the decision
not to harvest at all, influences the development
of the carbon pools. Comparison of total carbon
across alternative harvest timing decisions and
the no harvest scenario were made to assess how
these pools changed over time and what impact
forest products had on carbon emissions.


The study utilized several models that tracked
carbon stocks and emissions from reforestation
to forest product use. Models at the forest level
were combined with models that described prod-
uct use and their associated emissions at the
product end-use level. We briefly discuss the
models and their use in the sections that follow,
and refer the reader to Perez-Garcia et al. (2004)
for further elaboration of these models.


MODELING DESCRIPTION


Forests are sources of commercial timber and
wood fiber products, and these activities need to
be accounted for in carbon budgeting. Without
doing so, forest harvesting is usually considered
to cause a net release of carbon from the terres-
trial biosphere to the atmosphere (Houghton et
al. 1983; Harmon et al. 1990). Expanding the
boundary beyond the forest edge leads to carbon
stored in the product pool, and a third carbon
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pool associated with energy displacement and
avoided emissions. The pool of products enters
the marketplace and competes with other prod-
ucts that also have embodied energy used in
their manufacture. The substitution of fossil
fuel-based energy and products by wood bio-
mass can further decrease the emissions of car-
bon to the atmosphere (Schlamadinger and Mar-
land 1996; Kohlmaier et al. 1998).


The carbon account was created using a suite
of models that can be customized to different
site conditions. We used conditions for the west
Cascades area of the Pacific Northwest region.
Tree list inventory data combined with growth
and yield model simulations and the Landscape
Management System (LMS) (Oliver 1992) were
used to simulate inventory conditions through
time and create the forest biomass account. Mul-
tipliers based on the literature review then took
various biomass components and converted
them into carbon on a per unit basis. The forest
module calculated the various forest biomass
carbon pools accounting for changes in growth,
mortality and decomposition. Products were ex-
ported from the forest module to the product
module, which then calculated carbon pools in
products, as well as the carbon associated with
energy use in their manufacture and house as-
sembly.


Use of the forest biomass module required
that a tree list be entered into the LMS, which
tracked tree and stand development through time
including diameter information. The diameter
was used to estimate various biomass compo-
nents using Gholtz (1982). Biomass was con-
verted into carbon using Birdsey (1992, 1996).
Forest components included the canopy, the
stem, roots, litter, and snags. The module also
considered their decay. Canopy biomass was
composed of foliage and branches and was 5%
to 10% of the total biomass. Stems, composed of
the tree trunk and bark, were assumed to make
up 65% to 70% of the total biomass. Coarse
roots were assumed at 20% to 25% of total bio-
mass and carbon in litter was assumed to be 10%
of foliage and branches (Spies et al. 1988; Ed-
monds 1979; Grier and Logan 1977). Assump-
tions about the volume in snags were based on


mortality predicted by a growth model, adjusted
for the density of snag class, and were less than
0.5% of total biomass (Canary et al. 2000).


Carbon decomposition is modeled following
Aber and Melillo (1991).


Xt � X0(1 – k* t) (1)


where Xt is the biomass at time t, X0 is the initial
biomass, k is a species-specific constant describ-
ing the biomass loss per year, and t is time in
years. k � 0.16 for litter, 0.5 for snags and
coarse roots (Turner et al. 1995; Harmon and
Sexton 1996; Canary et al. 2000). More com-
plex, nonlinear decay models could easily be
incorporated but are not likely to alter any con-
clusions.


The products module was based on LCA data
produced by the Consortium for Research on
Renewable Industrial Materials (CORRIM)
(Bowyer et al. 2004). The module tracked car-
bon pools associated with production of forest
products from the forest through to end use in
the housing sector. Products that were exported
from the forest as commercial volume were first
converted into biomass and then into carbon us-
ing species-dependent density factors (Birdsey
1992, 1996). We used the results of sawmill
studies (Bowyer et al. 2004) to distribute the
commercial volume into long- and short-term
products. Roughly 50% of the forest carbon in a
harvest was exported to lumber, a long-term
product. The remaining 50% of carbon was ex-
ported to wood chips, sawdust, bark, and shav-
ings—all short-term products or hog fuel used for
the production of energy. Short-term products
were assumed to decay at 10% per year (Harmon
et al. 1996; Winjum et al. 1998). Hog fuel was
decomposed in the production of energy. Long-
term products were assumed to decompose at the
end of the useful life of a house, which was
set at 80 years, within the range estimated by
CORRIM (Bowyer et al. 2004). Harvested tim-
ber volumes per acre were converted into prod-
uct volumes, then to mass expressed in kilo-
grams per cubic meters. Mass is then converted
to carbon units considering moisture content.


Carbon flows associated with alternative
building techniques with competing materials
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were analyzed using energy consumption and air
emissions related with the manufacture of prod-
ucts utilized in the housing sector. Meil et al.
(2004) provides an analysis of home construc-
tion in two markets with these competing mate-
rials. The study utilized a life-cycle analysis to
quantify the carbon emissions and converted
them to a per hectare basis to be compatible with
the forest carbon account.


We utilized scenario analysis to quantify the
effects of alternative harvesting cycles on the
carbon accounts and a no-harvest alternative that
produces no wood products. The no-harvest sce-
nario is not equivalent to existing natural stands
since it included initial stocking and no distur-
bances. However, using the no-harvest scenario
offered some insight for an afforestation-
without-harvest scenario.


Finally we created a carbon account for each
harvesting scenario and for each pool. The pools
are the carbon in forest stocks, product stocks,
and the emissions associated with their manu-
facture and use in construction, a displacement
pool. We also considered biomass as potential
energy in our analysis for co-products that could
be used as biofuel. The forest stock included
canopy, tree stems, snags, litter, live roots, dead
roots, and when harvesting occurs, emissions of
carbon. The product stock included product car-
bon (both short- and long-lived). It included the
transporting and manufacturing emissions asso-
ciated with the production of the long-lived
products that are used in housing construction.
The transporting and manufacturing emissions
associated with non-biofuel co-products were
not tracked so as to be consistent with the as-
sumption that their use would carry their own
burden. We illustrated the option of using most
low-valued co-products as biofuel, thereby
transferring their burdens to the long-lived prod-
ucts. The embodied energy account included
emissions associated with the use of substitute
long-lived products in the housing market.


RESULTS


The results describe the carbon in the three
pools. The first pool consisted of carbon in for-


est stocks. A presentation of how carbon was
exported from the forests to products follows.
The third pool considered product substitution
and the emissions associated with the use of sub-
stitute products in the housing market. The ele-
ment of time was included in each pool. The
results indicated that shorter rotations contrib-
uted to fewer carbon emissions since the impact
of reducing the use of fossil fuel-intensive, non-
wood products more than offsets the effect of the
reduced carbon stored in the forest.


Extending the harvest cycle increased the
store of carbon associated with the forest pool.
This result is consistent with previous results
found in Franklin et al. 1997; Burschel et al.
1993; Houghton et al. 1983; Harmon et al. 1990;
Cooper 1983; Dewar 1990; and Schlamadinger
and Marland 1996. We illustrate the result in
Fig. 1, where the forest carbon stocks over time
under four alternative scenarios are presented.
Carbon in metric tons per hectare increased as
the forest grows, declined sharply as harvests
take place, and responded with renewed growth
under all scenarios except with the no-harvest
scenario. Under the no-harvest scenario, carbon
increased for several hundred years assuming no
major disturbance. Keep in mind that the as-
sumption of initial stocking followed by no dis-
turbances is not representative of old forests un-
der natural conditions, so it should be interpreted
with caution. The no-harvest scenario demon-
strated a hypothetical upper bound to forest
growth as might an afforestation scenario. Em-
pirical yields for existing old forests in the
Northwest contained only slightly more carbon
than the 120-year rotation as a consequence of
uneven stocking and disturbances, whereas this
hypothetical upper bound suggested much more
carbon.


The area under each curve is the cumulative
carbon in the forest and included carbon pools
for the stem, crown, root, litter, and dead or
dying biomass. One can observe that over time,
the most carbon was accumulated under the no
action scenario, followed by the scenario that
allowed a clear-cut harvest to occur every 120
years, then the 80-year harvest scenario, and fi-
nally the 45-year harvest scenario.
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Extending the harvesting cycle by longer ro-
tations increased the store of carbon in forest and
product pools as the decomposition of co-
products is effectively delayed. The fate of har-
vested carbon needs to be accounted for, how-
ever. As forest carbon is exported into products,
product carbon pools develop. These product
pools more than offset harvesting and manufac-
ture emissions. There was no carbon associated
with products under the no-action scenario since
this scenario did not export products. For the
longer harvest cycle scenarios, the product pools
developed much later in time than for the shorter
ones. The carbon in short-lived products was
assumed to decompose completely during the
rotation period contributing no long-term in-
crease to the products carbon pool over time.


Alternatively, any portion of these short-lived
products can be used for energy production,
which would reduce purchased energy needs of
sawmilling. The effect of such a decision was
that the energy produced, and the carbon emis-
sions saved, by substituting for fossil fuels be-
comes a permanent carbon pool instead of a
short-lived product that is rapidly decomposing.
A longer-term pool than even wood products in
buildings, which eventually decompose, was


created under such an energy substitution sce-
nario. But in the very short term, there was a loss
in the short-lived products pools as the effi-
ciency of the conversion of wood to energy was
lower than gas-fired boilers (or coal). The net
impact was a small displacement of fossil fuel-
derived carbon in the short term, but accumulat-
ing with each harvest. The decomposition of the
long-term products was assumed to take place at
the end of an 80-year useful life of the house
which could more correctly be modeled as a
distribution with some houses removed earlier
and others later with no material change on long-
term comparisons.


The substitution effects took place as wood
entered the marketplace and competed with al-
ternative materials in end uses such as housing.
Without wood products, fewer wood houses
would be built and more concrete- or steel-
framed houses would be constructed. The en-
ergy burden that each product carried has impli-
cations for carbon emissions. Figure 2 summa-
rizes the carbon pools for the 80-year harvest
cycle including the carbon resulting from dis-
placing cement-framed houses as wood products
are produced. The increasing trend in carbon
pools is substantially greater with the substitu-


FIG. 1. Carbon in forest pools for different rotations.
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tion of wood for cement, the second most preva-
lent framing material in the residential housing
market.


Table 1 summarizes the carbon account aver-


ages for the time intervals of 0–45, 0–80,
0–120 and 0–165 years for each of the harvest
scenarios and product pools (forest, products net
of processing emissions and displaced fuel use,


FIG. 2. Carbon in the forest and product pools with concrete substitution for the 80-year rotation.


TABLE 1. Average annual carbon at specified intervals.


Averages (tonnes per hectare)


0–45 0–80 0–120 0–165


45–year rotation
Net forest 70.60 67.30 71.25 74.45
Net products 0.00 24.74 45.38 50.72
Net forest, products 70.59 92.03 116.63 126.96
Net forest, prod, displacement 70.59 95.56 125.46 142.20
Net for, prod, displace, substitution 70.59 165.69 266.18 360.28


80–year rotation
Net forest 60.46 106.90 94.45 110.50
Net products 3.63 11.22 36.92 46.96
Net forest, products 64.10 118.12 131.37 157.46
Net forest, prod, displacement 64.24 119.58 138.27 169.75
Net for, prod, displace, substitution 72.63 150.76 253.16 348.81


120–year rotation
Net forest 60.46 106.95 137.38 121.30
Net products 3.63 11.32 21.08 41.39
Net forest, products 64.10 118.27 158.85 163.66
Net forest, prod, displacement 64.24 119.69 163.14 174.12
Net for, prod, displace, substitution 72.63 150.87 232.20 330.64


No harvest scenario
Net forest 60.17 124.03 185.53 238.55
Net products 0.00 0.00 0.00 0.00
Net forest, products 60.17 124.03 185.53 238.55
Net forest, prod, displacement 60.17 124.03 185.53 238.55
Net for, prod, displace, substitution 60.17 124.03 185.53 238.55
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and substitution). Figure 3 summarizes these im-
pacts for each harvest and time interval. Unlike
the previous charts, which showed carbon in-
creasing with longer harvest cycles, the figure
indicates an inverse relationship between harvest
age and sequestered carbon with the least
amount of carbon stored with the no-harvest sce-
nario. When the fossil fuel burdens in substitute
products were included, the shorter harvest
cycles gained the benefit of this displacement
sooner. While it is true that over the very long
term, the increased volume coming from longer
rotations would eventually overtake the early
shortfall in products, the time frame for this
crossover would appear to be in the hundreds of
years and beyond any interval of interest for
policy.


DISCUSSION


The paper used an LCA and constructed an
accounting scheme that considered carbon from
forests to end-use markets of forest and compet-
ing products. The accounting scheme combined
three carbon pools: the forest pool, the product
pool, and the product substitution or energy dis-
placement pool. This last pool included the en-


ergy-use and carbon-emission implications of
competing products.


The result indicated that a shorter harvest
cycle does not lead to greater carbon emissions
into the atmosphere. The shorter cycles pro-
duced more wood products sooner, thereby re-
ducing fossil fuel-intensive substitutes earlier in
time. Forests managed under short rotations se-
questered less carbon than forests managed over
longer rotations, but avoided and displaced
emissions associated with production and use of
energy-intensive, competing products. Avoided
emissions generally exceeded any reductions in
sequestration in the forest associated with a
longer harvest cycle. The net result was that
more carbon was sequestered in the forest and
wood products under short rotations when the
embodied energy pool was included.


In this study we examined mitigation options
available through forestry and forest products
use in the economy. The implications of recog-
nizing forest management’s positive role in se-
questering carbon is important since it could be
used as an incentive to increase active manage-
ment of forestlands. Increasing the productivity
of these lands through greater investments in
forest management could lead to significant


FIG. 3. Average annual carbon in forest, product, and concrete substitution pools for different rotations and specified
intervals.
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gains in reducing atmospheric carbon. We show
that, while actions on the part of a forest land-
owner to intensify his or her forestry practices
may lead to less carbon stored in the forests, it
created a positive carbon leakage through
greater use of wood products in the market
place. The term leakage is used since most of the
impact of intensive management on carbon
pools occurs outside of the forest management
project boundary. The leakage is positive since it
reduced emission to the atmosphere. The effect
of producing and using more wood products re-
duced consumption of more fossil fuel-intensive
products in home construction. This research
suggests that the proper boundary condition for
carbon and wood flows extends beyond the pe-
rimeter of the forest area whenever wood is har-
vested for products.


CONCLUSIONS


The study analyzed carbon from sequestration
in a forest to substitution of fossil fuels emis-
sions from construction materials. When carbon
stocks accounted only for forest sequestration,
the longer the harvest cycle, the greater the
amount of carbon removed from the atmosphere.
Even if we were to consider the export of carbon
from the forest into product markets, and even if
the rate of exported carbon was greater than the
rate of tree growth, conversion inefficiencies
and eventual decay limited the amount of carbon
removed by forests from the atmosphere. Only
when product substitution was considered in the
analysis did we find that forestry can lead to a
significant reduction in atmospheric carbon by
displacing more fossil fuel-intensive products.
Recognizing only the carbon stored in forests
incorrectly subsidizes the no-harvest scenario or
lengthening harvest cycles. An incentive for
more intensive management would likely in-
crease the carbon stored in the total of all three
pools considered in this study.
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Shortleaf Pine/Bluestem Renewal
Shortleaf Pine/Bluestem Grass Ecosystem Renewal in the Ouachita
Mountains


George A. Bukenhofer
 USDA Forest Service


 Heavener, Oklahoma


L. D. Hedrick
 USDA Forest Service


 Hot Springs, Arkansas


Presettlement and Current Ecological Conditions


The 8 million-acre (3,237,600 ha) Ouachita mountain physiographic region is
located in west central Arkansas and southeastern Oklahoma. The mountains are
east to west trending and range in elevation from 500 to 2,700 feet (150-820 in).
Travelers in this region prior to European settlement described the landscape as
dominated by pine (Pinus echinata), pine-hardwood and mixed-oak (Quercus spp.)
forest communities with fire-dependent and floristically rich grass and forb
understories (Du Pratz 1774, Nuttal 1821, Featherstonhaugh 1844). Large grazing
herbivores including elk (Cervus elaphus), bison (Bison bison) and white-tailed deer
(Odocoileus virginianus) found suitable habitat there (Smith and Neal 1991). Fire
return intervals averaged less than 10 years for most sites (Masters et al. 1995).
Tree densities averaged 170 trees per acre (420/ha), and the mean diameter was
11.4 inches (29 cm) (Kreiter 1995).


Today the Ouachita mountain landscape is still dominated by forests, but the
structure and composition of these forests have changed dramatically. The density
of trees has increased to 200 to 250 trees per acre (494-618/ha) and the mean
diameter is now 9 inches (23 cm) (Kreiter 1995). Understories are now dominated
by woody vegetation and certain once-dominant grasses and forbs are uncommon
(Fenwood et al. 1984, Masters 1991, Sparks 1996). Elk and bison have been
extirpated. Other species, such as Bachman's sparrow (Aimophila aestivalis) and
the brown-headed nuthatch (Sitta pusilla), have been affected negatively by habitat
loss (Jackson 1988) and the red-cockaded woodpecker (RCW) (Picoides borealis) is
endangered (Neal and Montague 1991). Average fire return intervals now range
from 40 to more than 1,200 years (Masters et al. 1995).


Historical and present-day ecological communities of the 1.7 million-acre (690,000
ha) Ouachita National Forest (ONF) are illustrative of the above descriptions.
Present day forests developed largely in response to two factors: commercial
exploitation of the original forests and suppression of fires. Large-scale harvest of
trees commenced in the 1910s and by 1940 most of the virgin forests had been cut
(Smith 1986). With USDA Forest Service (FS) stewardship, the period of forest
regeneration that followed was marked by a strict policy of wildfire suppression.
That policy has largely remained in effect to the present. The recent use of
prescribed fire by managers, averaging 25,000 acres (10,100 ha) annually over the
last decade (R. Miller personal communication: 1995), has been insufficient to
maintain a woodland (i.e., tree/grass) ecosystem. The result is that such
ecosystems have all but disappeared from the Ouachita mountain landscape (Foti
and Glenn 1991).


Desired Ecological Condition in the Context of a Contemporary Landscape


National forest lands are now subject to the philosophy of ecosystem management.
Ecosystem management has been variously defined, but most definitions have two
attributes in common: an overriding goal to protect ecosystem integrity, sometimes
called ecosystem health, and an allowance for human uses that do not compromise
ecosystem integrity. The following are key elements of a large-scale ecosystem
management project on the ONF to restore the shortleaf pine-bluestem grass
ecosystem on 155,010 acres (62,730 ha), and in the process provide sufficient
habitat for a recovered population of the endangered RCW and a sustainable supply
of wood products (FS 1996).


Elements of Ecosystem Management
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Increasing the use of prescribed fire and using tree cutting to simulate
natural disturbance patterns. Reduction of basal area is accomplished by
commercial thinning. Stand regeneration is accomplished by commercial timber
sales using irregular seed tree and irregular shelterwood methods. With either
regeneration method, some of the seed trees are retained indefinitely. The size of
prescribed burning units encompasses landscapes rather than smaller stand-sized
blocks. The average size of prescribed burning units has increased from 200 to 600
acres (81-243 ha), with some units as large as 8,000 acres (3,230 ha) (R. Miller
personal communication: 1997). In the past, most prescribed burning occurred
during the dormant season from October to March. We now include some burning
during the growing season to emulate fire patterns described in Foti and Glenn
(1991) and Masters et al. (1995).


Using a modified control strategy for wildfires. Traditional FS policy has been
to suppress all wildfires and minimize the area burned regardless of whether the
fire was beneficial to resources. We found that a modified control strategy for
wildfires, which recognizes that some wildfires are beneficial and should be allowed
to burn, helps increase the area affected by fire each year. In those instances
where wildfires are burning within prescription, occurring in areas determined to be
desirable and not threatening human safety or property, willdfires can be allowed to
burn to the nearest man-made or natural barrier. This change is an example of
"FIRE 2 1," a new effort initiated by FS leadership to embrace the changing
responsibilities in wildland fire management in the 21st century (Apicello 1996).
Goals for FIRE 21 include contributing to restoring, maintaining and sustaining
ecosystem function for healthier forests and rangelands, and integrating wildland
fire management concerns and the role of fire into all agency management
programs, where appropriate.


Increasing rotation age. The minimum time between regeneration cutting, or
rotation age, has been increased from 70 to 120 years for shortleaf pine forest
types. This allows for a greater number of acres of older trees and results in
increased mast production from hardwoods retained in these pine stands. The older
trees are also required for RCW and other cavity-dependent species. Cavity
development is associated with a fungal heart rot (Phellinus pinii) infection that
usually does not occur in stands less than 70 years of age.


Maintaining mixtures of native pines and hardwoods. An important part of
the restoration process is to replace non-native trees when possible and retain
mixtures of pines and hardwoods on the landscape both among and within stands.
Retention of mast-producing trees has been a significant issue for the ONF


Developing and maintaining forested linkages among mature forest
habitats. Minimizing ecotonal differences between contiguous stands and reducing
habitat fragmentation is important to many bird species. Each timber harvest
proposal is examined for ways to keep forest regeneration localized, which
maximizes the size of areas that support mature stands. We have increased the
size of regeneration areas from 40 to 80 acres (16-32 ha). Because the total
amount of regeneration per year or decade is fixed by the rotation age, achieving it
on fewer, larger areas rather than many smaller areas reduces the total edge
between dissimilar conditions. This also maximizes the area of contiguous mature
habitat.


Recognizing that people are an important part of this ecosystem. Traditional
uses of forest, such as timber harvesting, hunting, firewood gathering, bird
watching and fishing, continue while we work to restore ecological (historical)
conditions. No special limitations are placed on the public while using the area.
Project planning incorporates local values through an extensive public involvement
program. Information from monitoring the effects of restoration has been gathered
through close collaboration with university researchers. Detailed information is used
to monitor the effectiveness of our projects and guide the restoration effort.


Assessing Ecological Health


There are three areas by which the ONF can measure success at attaining
ecosystem health. Biodiversity, recreation opportunities and timber supplies are
used as "yardsticks" because all were significant issues in recent planning efforts.


Biodiversity


Wilson et al. (1995) examined the breeding bird response to this restoration effort.
They found that 10 species of ground/shrub-foraging species (yellow-breasted chat
[Icteria virens], brown-headed cowbird [Molothrus ater], Carolina wren
[Thryothorus ludovicianus), northern cardinal [Cardinal cardinalis], wild turkey
[Meleagris gallipavo], indigo bunting [Passerina cyanea], northern bobwhite
[Colinus virginianus], chipping sparrow [Spizella passerina]) and shrub nesting
species (American goldfinch [Caruelis tristis], prairie warbler [Dendroica discolor])
were favored by thinning and prescribed burning, as compared with controls. Two
ground-nesting species, the ovenbird (Seiuris aurocapillus) and black-and-white
warbler (Mniotilta varia), declined in the same restoration areas. Small mammals
were found to have increased in numbers and species on the same restored sites
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(Lochmiller et al. 1993). Sparks (1996) found that prescribed burning produced
higher herbaceous species richness and diversity, and forb and legume abundance
in the project area.


Recreation Opportunities


Outdoor recreationists, including hunters and bird watching enthusiasts, are
attracted to these restored lands. In A Birder's Guide to Arkansas, White (1995)
featured the project area as a unique opportunity to view RCW, brown-headed
nuthatch and Bachman's sparrow. Discussing the decline of the northern bobwhite,
Brennan (1991) provided some evidence that the forest-management techniques
used here (reduction of tree basal area, reduction of midstory and prescribed
burning every one to three years) resulted in higher bobwhite numbers. Masters et
al. (1996) examined whitetailed deer forage production on the project area. They
found that restoration efforts increased preferred deer forage sixfold.


Timber Supply


Timber harvesting is an essential part of these restoration efforts. The
environmental impact statement for the FS long-term strategy for RCW recovery
(USDA 1995) in the Southern Region concluded that this region-wide restoration
effort would result in a gradual long-term increase of timber supplies after an initial
decline. The ONF implementation of this strategy, because of favorable age class
distribution, projected that timber harvest volumes would remain constant in the
next two decades, and decline slightly from 29.2 to 27.5 million cubic feet of wood
by the fifth decade (Bukenhofer et al. 1994). The decline in long-term sustained
yield is largely a function of increasing the rotation age from 70 to 120 years.


Other Considerations


Another measure of ecosystem health is the potential for reintroduction of
extirpated species. The elk has been successfully reintroduced to three nearby
locales, the Buffalo National River in northern Arkansas, and the Pushmataha and
Cookson Hills wildlife management areas in eastern Oklahoma. Earlier attempts at
reintroduction failed due to brain worm (Parelaphostrongylus tenuis) infestation
(Carpenter 1973). Recent studies (Raskevitz 199 1) determined that the
intermediate hosts for the brain worm were snails (Gastropidae) that were
dependent on moist forest conditions where tree densities were high, including a
well-developed mid-story. They found that elk preferred habitat that included open,
drier forest conditions unfavorable to the snails, and this preference yielded elk with
no clinical signs of brain worm infestation. In the future, we expect that the drier
forest conditions provided by shortleaf pine/bluestem grass ecosystem renewal will
supply a sufficient quantity of suitable habitat capable of supporting a
reintroduction of elk in the ONF.


Summary


The most influential laws relating to and governing FS land management activities
include the Multiple Use-Sustained Yield Act, Endangered Species Act, National
Forest Management Act, Clean Water Act and, to a lesser extent, the Clean Air Act.
For many, these laws present conflicting direction and create an insurmountable
operational, regulatory and judicial tangle.


All of these laws predate direction issued by FS Chief Dale Robertson to Regional
Foresters in June 1992 in which he admonished them to follow a philosophy of
ecosystem management in their stewardship of national forest lands. All of these
legal mandates remain in full force. Collectively, these laws can be summarized as
requiring that national forests be managed to allow for sustainable human uses,
both economic and non-economic, without compromising land health. The role of
the ecosystem management policy adopted by the FS is to provide a single, all-
inclusive philosophical context for management that integrates the spirit and letter
of these laws. It puts sustaining land health first. We think this is appropriate, for
over the long term, it will be impossible to sustain human uses without first
sustaining the health of the land.


Our project is one example of ecosystem management. It embodies elements of
landscape ecology, restoration ecology and endangered species recovery. It seeks
to restore an entire ecosystem on portions of today's Ouachita mountain landscape.
This is not so much because the landscape was prominent in pre-European
settlement times, but rather because it had almost disappeared along with its
unique flora and fauna. The project is mindful of Aldo Leopold's (1949) famous
dictum that saving all parts and pieces of the ecosystem is the first precaution of
intelligent tinkering. At least in this case, we have demonstrated that managing for
ecosystem integrity (health) need not result in significant reductions in timber
resources for traditional human uses. This, coupled with the increased recreation
opportunities enumerated above, is a "win win" situation.
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Smoke from wildfires wiped out the U.S. pandemic-
related clean air gains in 2020


The country’s average for the deadliest type of air pollution rose nearly 7 percent


over 2019


By Hannah Dormido ,


John Muyskens and


Bonnie Berkowitz  March 17


Wildfires that charred millions of acres in the West wiped out the country’s pandemic-


related clean air gains in 2020, according to a report released this week.


Because pandemic restrictions limited travel and other activities, fine-particle pollution


from the burning of fossil fuels dropped 13 percent between March and July compared to


the previous year and dipped again in November and December, said Lauri Myllyvirta,


lead analyst at the Centre for Research on Energy and Clean Air, who collaborated on


IQAir’s annual World Air Quality Report.


But the 2020 historic wildfire season more than made up the difference. Overall, the U.S.


average for the deadliest type of air pollution rose nearly 7 percent over 2019 because of


smoke from fall fires, primarily those in California, Oregon and Washington.


Fine-particle pollution refers to bits that are 2.5 microns in diameter or smaller, or less


than one-20th the diameter of a human hair. These particles are tiny enough to


penetrate deep into lungs and enter the bloodstream, where they can trigger asthma


attacks and other lung and heart problems and may cause cancer.


While no fine-particle pollution is considered to be safe, the World Health Organization’s


about target is 10 parts per cubic meter or less. In 2020, the U.S. average was 9.6, and


thirty-eight percent of U.S. cities exceeded the target level compared to 21 percent in


2019.


The country’s worst annual average was in Yosemite Lakes, Calif., 37.8 micrograms per


cubic meter. The highest U.S. reading was 4,709.3 during heavy smoke in Weed, Calif.,


on Sept. 13.


In September, 24 of the world’s top 25 most polluted cities were in California and


Oregon, the report said. Leading the list was Happy Camp, Calif., with a monthly average


of 154.4 micrograms per cubic meter. The city with the lowest fine pollution levels
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recorded was Waimea, Hawaii, with 2.2.


Worldwide, fine-particle pollution dropped in 84 percent of countries and 65 percent of


cities included in the analysis. The company measured air quality at ground-based


monitoring stations in 106 countries. About half of all European cities still missed the


WHO target.


The country with the worst air quality was Bangladesh, with an annual average of 77.1


micrograms per cubic meter. All but one of the world’s 50 most polluted cities are in


Bangladesh, China, India and Pakistan.


Fire was not just a U.S. problem. Wildfires and agricultural fires significantly contributed


to air pollution in Australia, Siberia, South America, Indonesia and Africa.


During a fire, the concentration of tiny pollution particles soars and increases the risk of


acute respiratory problems such as asthma attacks.


“You might get up to a thousand [parts per million] in some of these places that are just


downwind of a really bad fire in California,” said Jeffrey Pierce, an associate professor at


Colorado State University who studies the health effects of wildfire smoke. “But generally


those only last for a few days or few weeks at most. What we don’t know is, if you get hit


by really high concentrations, is it the same as if you just took that and averaged it over a


long period of time?”


For example, perhaps one large fire raises the annual average in an area from 10 to 20


micrograms per cubic meter. Epidemiologists are trying to figure out whether that is


more — or less — harmful to a person’s long-term health than year-round exposure to


20.


The working hypothesis is that they are the same, Pierce said.


Now that wildfires are becoming larger and more common while fossil-fuel emissions


have trended downward in the United States for decades, a better question may be which


type of pollution is more toxic. Unfortunately, new research from the Scripps Institution


of Oceanography suggests that wildfire smoke may be significantly worse.
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Abstract. Environmental impacts associated with the building industry have become of increasing impor-


tance. Materials and energy consumed during manufacture of building materials such as lumber affect a


building’s environmental performance. This study determined environmental impacts of manufacturing


hardwood lumber in the southeastern US using the life-cycle inventory method. Primary data were collected


and then weight-averaged on a per-unit basis of 1.0 m3 of planed dry lumber (600 oven-dry kg/m3) to


find material flows and energy use. Cumulative allocated energy consumption for manufacturing 1.0 m3


planed dry lumber from 2.44 m3 of incoming logs was 5.86 GJ/m3 with 66% from wood fuel. Emission


data produced through modeling estimated total biomass and fossil carbon dioxide production of 424


and 131 kg/m3, respectively, considering all impacts. A cubic meter of planed dry hardwood lumber stores


1.17Mg CO2 equivalents as a final product. The amount of carbon stored in hardwood lumber exceeds fossil


carbon emissions by a factor of nine. Therefore, as long as hardwood lumber and its carbon stay in products


held in end uses, carbon stored will exceed fossil carbon emitted in manufacturing.


Keywords: Life-cycle inventory, hardwood lumber, southeastern US, LCI, CORRIM, gate-to-gate,


green building, manufacturing.


INTRODUCTION


Hardwood lumber from species in the south-
eastern (SE) US is used primarily for pallets,
crossties, flooring, millwork, cabinets, and fur-
niture. Total annual US hardwood lumber
production in 2005 and 2006 was 26.4 and
26.0 Mm3, respectively. Most hardwood lum-
ber is consumed domestically, but an estimated
3.12 Mm3 was exported in 2006. In addition,
the US imported 882 km3 in 2006 (USDC 2007).
Domestic hardwood lumber production occurs


mostly in the eastern US and is divided roughly
equally between SE and northeastern and north
central (NE/NC) US. A smaller percentage,
approximately 3.3%, of hardwood lumber pro-
duction occurs in the Pacific northwestern
(PNW) US. Annual hardwood lumber production
has declined considerably in the last several
years. Production in 2010 was 12.6 Mm3 (USDC
2011a). Rough green hardwood lumber is used in
pallets and crossties, whereas most planed
dry lumber is converted into building products
for new construction and repair and remodeling
of existing buildings.


Energy consumption and environmental impacts
of manufacturing residential building products
are playing an increasingly important role in the
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building industry because of increased pub-
lic awareness of environmental issues. In the
US, total consumption of hardwood lumber
decreased slightly from 30.4 Mm3 in 1999 to
26.4 Mm3 in 2006. Also, sharp declines have
occurred during the last several years to levels
not noted since 1963. Consumption in 2010 is
estimated to be 16.3 Mm3 with a slight increase
expected in 2011 (Luppold and Bumgardner
2008; Hardwood Market Report 2009; Johnson
2011; Luppold 2011). Furthermore, a large
drop occurred in the single-family residential
construction seasonally adjusted annual rate from
a high of 1.64 million in 2005 to 0.453 million
in October 2011 (USDC 2011b). As shown,
residential housing has a significant effect
on lumber consumption. A considerable drop in
hardwood lumber consumption has occurred
since the recession. One factor offsetting the
decrease in residential housing is the average size
of single-family residences being constructed,
which increased from 193 m2 in 1991 to 222 m2


in 2010, a 15% increase (USDC 2011b). How-
ever, increasing environmental concerns regard-
ing the residential building industry help define
“green building” materials and practices.


Green building refers to the practice of improv-
ing energy efficiency of materials, construction,
and operation and decreasing overall environ-
mental burdens of buildings. The green build-
ing market for new nonresidential construction
is likely to triple from $42 billion in 2008 to
$96-140 billion by 2013 (MHC 2010). Also,
annual demand for green building materials is
likely to increase from $38.7 billion as of 2010
to about $70 billion in 2015 (Freedonia 2011).
Forming a sound policy for building practices,
especially for green building in the US, would
significantly decrease the environmental impact
on the world’s resources. However, to help
develop such a policy, life-cycle information is
necessary to evaluate building materials and
practices for their environmental impacts.


Precise baseline life-cycle inventory (LCI) data
are needed as part of this broader scientific
approach for determining building styles, type
of construction materials, and potential product


improvements with a focus on decreasing
environmental burdens. This LCI study exam-
ined the environmental impact of hardwood
lumber production in the SE US. Also, LCI
data from this study and other wood product
LCI studies are in the US LCI database
managed by the National Renewable Energy
Laboratory (NREL 2011). Inclusion in the
US LCI database allows other life-cycle assess-
ment (LCA) practitioners to complete either
a cradle-to-gate LCI or LCA of hardwood-
lumber-related wood products (Puettmann et al
2010a).


LCI provides an accounting of energy and
waste associated with creation of a product
through use and disposal. In this study, gate-to-
gate LCI tracked hardwood lumber production
from transport of logs from a forest landing to a
log yard and through all steps in lumber
manufacturing including drying and planing.
LCA is a broader examination of the environ-
mental and economic effects of a product at
every stage of its existence, from harvesting to
disposal and beyond. Cradle-to-grave LCA is
beyond the scope of this study. In this LCI
study, tracking the material flow of hardwood
lumber is necessary for an accurate survey of
different unit processes.


Material flow is tracked from raw material—
hardwood logs—to planed (surfaced) dry hard-
wood lumber (the final product). Rough green
(freshly cut) lumber sawn from hardwood logs
is typically dried in conventional dry kilns burn-
ing wood residue (woody biomass) and fossil
fuels as heat sources. It is estimated that nearly
90% of all hardwood lumber dried in the US
uses energy produced with wood biomass from
milling processes (Denig et al 2000; Bergman
and Bowe 2008). Not all rough green hardwood
lumber is kiln-dried. The sawing process con-
sumes the greatest percentage of electrical
energy. Before drying, boards are stickered
(separated by thin wood strips) and stacked to
aid drying and prevent drying defects. The dry-
ing process consumes 70-80% of the total
energy required for producing hardwood lumber
(Comstock 1975). Total energy includes both
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electrical and thermal. Some rough dry lumber
is planed or skip-planed after drying.


The goal of this study was to document LCI
of planed dry lumber production from hardwood
logs and determine material flow, energy use,
solid waste, and emissions for the hardwood
lumber manufacturing process on a per-unit
basis for the SE US (Fig 1). We calculated pri-
mary mill data from questionnaires mailed
to lumber mills. Also, we used secondary data
from peer-reviewed literature per ISO (2006a,
2006b) guidelines. We calculated material and
energy balances by a spreadsheet algorithm
using data from primary and secondary data
sources. From weight-averaging these material
and energy values, environmental impacts
were estimated by modeling emissions through
SimaPro 7 software (PRé Consultants, Amers-
foort, The Netherlands) (PRé Consultants
2011). SimaPro has been used in many previous
Consortium for Research on Renewable Indus-
trial Material (CORRIM) -initiated LCI projects
such as those focused on production of hard-
wood lumber (Bergman and Bowe 2008) and
softwood lumber (Milota et al 2005; Bergman
and Bowe 2010a; Puettmann et al 2010b). This


LCI study conformed to relevant ISO standards
(ISO 2006a, 2006b).


METHODS


In this study, forestry operations, including
harvesting, were excluded but are documented in
other CORRIM Phase II projects (Johnson et al
2008; Puettmann et al 2010b). Transportation
data for raw materials to sawmills were collected
as part of this study. The LCI study covered the
year 2006 and included log yard activities, saw-
ing of hardwood lumber, drying, and planing.
Mill surveys provided primary data for LCI anal-
ysis, whereas secondary data for production and
transportation of fuels and electricity were
obtained from published databases (FAL 2004;
NREL 2011; PRé Consultants 2011).


A large number of commercial hardwood spe-
cies are sawn in the SE. Table 1 shows the per-
centage of mill throughput by species for the
12 mills surveyed in this study and their location
by state. Three mills processed hardwood and
softwood lumber, but production data from soft-
wood lumber were not used in this evaluation.


Figure 1. Shaded area was selected for life-cycle inventory of hardwood lumber production in southeastern US.
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The LCI of hardwood lumber from the SE
US was an extension of the LCI on hardwood
lumber for the NE/NC US as part of CORRIM
Phase II product LCI (Bergman and Bowe
2008). The project and the results may be used
by LCI practitioners for LCA studies that docu-
ment the use of wood products in building con-
struction during the entire life cycle (cradle-
to-grave). Life-cycle information given in this
study is also available from the US LCI database
(NREL 2011). Critical external reviews of this
LCI process were conducted to ensure compli-
ance with CORRIM guidelines and the ISO
14044 standard (ISO 2006b; CORRIM 2010).


Hardwood Lumber Manufacturing and Five


Main Unit Processes


Five main unit processes were identified in pro-
ducing hardwood lumber—resource transport,
log yard, sawing, drying, and planing (Fig 2)—
with energy generation as an auxiliary process.
We chose mass allocation because the highest
volume product had the greatest economic
value. This was true for all unit processes.


Resource transport. Production started with
transport of hardwood logs (ie roundwood) from
the forest landing to the sawmill and storage in
the log yard. Inputs included diesel fuel to run
logging trucks.


Log yard. Log yard operations began with
hardwood logs in the yard with impacts moni-
tored from the yard to the sawmill. Logs were
stored dry or wet, depending on species and
season. Forklifts/loaders transported logs from


Table 1. Species data for participating mills.


Species mixa by percentage


Mill RO WO HM SM Hackberry Pecan Hickory Cypress YP Cottonwood Ash Gum Misc. SW State


A 58 14 0 0 0 0 0 0 0 0 0 0 7.0 21 MS


B 21 13 0 0 0 0 0 0 56 0 0 0 10 0 NC


C 78 19 0 0 0 0 0 0 1.0 0 2.0 0 0 0 AL


D 66 5.7 0 0 0 0 0 2.4 15 5.8 4.9 0 0 0 MS


E 25 12 0 0 0 0 0 5.6 16 15 0 17 10 0 TN


F 11 10 0 3.0 0 0 0 0 23 0 0 0 3.4 50 NC


G 76 12 0 0 0 0 0 0 8 0 3.0 0 1.0 0 MS


H 7.0 0 21 0 0 0 0 16 56 0 0 0 0 0 NC


I 34 7.0 0 0 8.0 6.0 0 6.0 0 0 12 7.0 8.0 12 LA


J 68 15 0 0 0 0 0 0 7.0 0 0 0 10 0 MS


K 25 10 9 0 0 0 0 29 22 0 5.0 0 0 0 NC


L 40 15 5 0 0 0 8.0 0 15 0 5.0 0 12 0 TN


Total 45.4 10.6 1.6 0.4 1.5 1.1 0.4 3.5 14.9 0.8 3.8 1.8 4.9 9.3 —
a RO, red oak; WO, white oak; HM, hard maple; SM, soft maple; YP, yellow poplar; SW, softwood.


Figure 2. Material flow for the five unit processes of hard-


wood lumber manufacturing.
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the yard to the sawmill infeed and log bucking
saw and/or debarker.


Sawing. Sawing started with logs at the
debarker. In the sawing process, incoming hard-
wood logs (raw material) were sawn into mostly
25- and 50-mm-thick rough green (freshly cut)
lumber of random widths and mostly 2.44- to
3.66-m lengths. Dimension sizes were nominal.
Rough green lumber was then tallied (to mea-
sure production volume) and stickered for dry-
ing. The outputs of this unit process included
sawn rough green lumber and wood residue
from the sawing process: bark, sawdust, slabs,
edgings, and chips (hog fuel was a mixture of
the wood residues produced). For the survey
data, slabs and edgings fell under either hog fuel
or chips. Most green wood residues (77%) were
sold as a coproduct; others (17%), especially
sawdust, were burned as boiler fuel to generate
heat for drying lumber and a little electricity.
The remaining wood residue (6%) produced
saleable goods such as mulch (bark) and pulp
chips.


Drying. Drying began with rough green lum-
ber. Lumber was dried to 6-8% MC using
mostly energy-intensive drying methods such as
kiln-drying, although some prior air-drying and
predrying occurred. The output of this unit proc-
ess was rough dry lumber, and the majority of
this material was transported by forklift to the
planer mill. Drying generated most of the vola-
tile organic compounds (VOCs) generated on-
site and used the most energy produced from
both wood and fossil fuel combustion. For the
12 surveyed mills, initial moisture content was
85% for rough green lumber and on average 8%
for rough dry lumber. Drying methods used
depended on species, lumber thickness, lumber
grade, final use, and available wood residue
markets. Typical sawmills used a kiln schedule
when drying lumber to maintain high quality by
preventing drying defects. Most rough green
lumber (about 63%) was kiln-dried at the mill.


Planing. After drying, rough dry lumber was
planed to the dimension required for the final
product. Some planed lumber was only blanked


or skip (hit or miss) planed. Only a small portion
of rough green lumber that was kiln-dried (about
21%) was planed at the mill. Planing started
with stickered, rough dry (kiln-dried) lumber
and ended with planed (surfaced) and packaged
lumber sorted by type, size, and grade as well
as planer shavings, sawdust, and/or lumber
trim ends. This process was the final stage of
manufacturing. About 66% of dry wood residue
was burned on-site in boilers for energy,
whereas the rest was sold as coproducts.


Auxiliary energy generation. This auxiliary
process provided heat and in some cases elec-
tricity for use in other parts of the mill. Mills
burned fuels such as wood or natural gas; green
and kiln-dried wood residue from the sawing
and planing processes generated most of the
thermal energy used at the plant. Thermal energy
was typically in the form of steam used for
dry kilns, steam generators, and facility heating.
Another major source of energy was off-site
(grid) electricity. Grid electricity released emis-
sions off-site. Outputs of this auxiliary process
were steam and hot water from boilers, com-
bustion gases for drying, electricity from cogen-
eration units, solid waste (wood ash), and air
emissions (eg CO2, CO) from combustion.


Coproducts from the manufacturing process
included both sold material and wood residue
burned on-site for energy generation. In this
study, byproducts were also referred to as
coproducts because all wood residual whether
used on-site and sold off-site was used. In this
LCI study, when referring to logs, lumber, and
other coproducts, the term green was used in the
context of freshly cut material.


Functional Unit


Material flows, energy use, and emission
data were standardized to a per-unit volume
basis of 1.0 m3 planed dry hardwood lum-
ber, the final product of the hardwood lumber
manufacturing process. According to standard
grading rules, nominal and actual dimensions
of hardwood lumber are equivalent only when
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lumber is rough dry. A typical conversion
from cubic meters to thousand board feet (MBF)
based on nominal dimensions is 0.424 MBF/m3


(2.36 m3/MBF). For dry planed lumber of thick-
ness assumed in this study, the conversion
is 0.595 MBF/m3 (1.68 m3/MBF). Rough green
lumber and rough dry lumber were assumed to be
2.44 and 2.13 m3/nominal MBF, respectively
(Fonseca 2005; Bergman 2010). Allocating all
material and energy on a per-unit basis of 1.0 m3


planed dry lumber standardized the results to
meet ISO standards, allowing unit processes to
be used to construct a cradle-to-gate LCI and
LCA (ISO 2006a, 2006b; CORRIM 2010).


System Boundaries


Boundary selection was important because
material and energy that cross the boundary
must be accounted for in the gate-to-gate LCI.
Two system boundaries were considered in
tracking environmental impact of hardwood
lumber production. One—the cumulative sys-
tem boundary—is shown by the solid line in
Fig 3 and is inclusive of both on-site and off-site


emissions for all material and energy consumed.
Included within this cumulative system bound-
ary are fuel resources used for energy and elec-
tricity production. The site system boundary
(dotted line in Fig 3) encompassed emissions
developed only at the hardwood sawmill (ie on-
site) from the four unit processes involved: log
yard operations, sawing, drying, and planing.
Examples of off-site emissions were grid elec-
tricity production, transportation of logs to
the mill, and fuels produced off-site but used
on-site.


Project Assumptions and Limitations


Bergman and Bowe (2010b) provided detailed
assumptions and limitations for determining
results of this LCI study (ISO 2006a).


RESULTS AND DISCUSSION


Product Yields


Mass and energy values, including emissions for
hardwood lumber production, were obtained for
2006 by surveying 12 mills in the SE US that


Figure 3. System boundaries for hardwood lumber production.
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provided detailed primary data on mass flow,
energy consumption, and types of fuel. SimaPro
7 was used to estimate nonwood raw material
use and emission data on a 1-m3 unit basis by
modeling weight-averaged survey data.


Total 2006 annual hardwood lumber production
for this area was 8.76 Mm3 (USDC 2007). The
12 mills produced 576 km3 rough green lumber,
which represented about 6% of the total annual
2006 US production from this region. This 6%
value exceeded the minimum CORRIM proto-
col guideline of 5% for data representation
(CORRIM 2010). Also, 365 and 121 km3of
rough dry lumber and planed dry lumber, re-
spectively, were produced from this 576 km3 of
rough green lumber. Not all rough green lumber
was kiln-dried nor was all rough dry lumber
planed.


Weight-averaged annual production for the 12
hardwood sawmills was 76.4 km3 with a range
of 17.4-131 km3. For the NE/NC, a large pro-
duction hardwood lumber mill is considered
30.8 km3 or more (Bergman and Bowe 2008).
The weight-averaged log diameter was 396 mm,
and production kiln capacity was 1.00 km3. Pulp
chips comprised the greatest proportion of wood
residue produced at 284 oven-dry (OD) kg/m3


planed dry lumber (Table 2).


In performing a mass balance, all unit pro-
cesses within the site system boundary were


considered. Using a weight-averaged approach,
1.29 OD Mg of incoming hardwood logs with a
green density of 977 kg/m3 produced 1.0 m3


(600 OD kg) of planed dry lumber. Sawing
yielded 765 kg of rough green lumber, and no
loss of wood substance occurred in the drying
process. Planing decreased the 765 OD kg of
rough dry lumber to 600 OD kg of planed dry
lumber for a 21% decrease in mass. Some of
the wood was converted on-site to thermal
energy in a boiler; boilers burned 206 OD kg
of both green and dry wood fuel produced on-
site (Table 2) for thermal process energy. Over-
all, an average log was decreased to 46.5%
of its original mass in conversion to the final
product of planed dry lumber.


Most mills in the US use volumetric values
such as board feet log scale to purchase logs
and a lumber tally as a basis for selling lumber.
Mill efficiency, therefore, cannot be determined
directly. The lumber recovery factor (LRF) is
one way to track efficiency. LRF quantifies
productivity as the nominal board foot lumber
tally recovered per volume of log input. For
mills assessed in this study, 2.44 m3 of hard-
wood logs was sawn into lumber (1.45 m3),
dried (1.27 m3), and planed into the final prod-
uct of 1.0 m3 of planed dry lumber for a total
volume conversion of 41.0% of incoming logs.
The difference in the conversion value (41%)
and mass conversion efficiency (46.5%) was


Table 2. Weight-averaged wood mass balance (OD kg per m3 planed dry lumber).


Sawing process


Internal process input Boiler process input


Drying process Planer process All processes combined


Material Input Output Input Output Input Output Input Output Difference


Green logsa 1290 — — — — — — — 1290 0 –1290


Green logsb 53 — — — — — — — 53 0 –53


Green chips — 284 33 — — — — — 33 284 251


Green sawdust — 71 — 29 — — — — 29 71 42


Green bark — 53 — 26 — — — — 26 53 27


Green hog fuel — 170 — 42 — — — — 42 170 128


Rough green lumber — 765 — — 765 — — — 765 765 0


Rough dry lumber — — — — — 765 765 — 765 765 0


Planed dry lumber — — — — — — — 600 0 600 600


Dry shavings — — — 77 — — — 119 77 119 42


Dry sawdust — — — 32 — — — 46 32 46 14


Sum 1340 1340 33 206 765 765 765 765 3110 2870 –239
a Log wood volume only.
b Log bark volume.


OD, oven-dry.
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caused by lumber shrinkage during the drying
process.


Energy Consumption


Hardwood lumber production requires both elec-
trical and thermal energy for processing logs into
planed dry lumber. For mills examined in this
study, all thermal energy was produced on-site,
whereas most electricity was produced off-site
from a regional power grid. Electrical energy is
required for sawing, drying, and planing proc-
esses, whereas most of the thermal energy is used
in the drying process. Of the total 5.167 GJ of
unallocated process energy consumed per cubic
meter of planed dry lumber, 4.678 GJ was for
drying, 334 MJ was for on-site electrical genera-
tion (cogeneration), and 155 MJ was for plant
heat. Cogeneration, on average, yielded 33.4 MJ
of electrical energy from 334 MJ of thermal
energy. The total unallocated electrical consump-
tion that does not include primary energy was
631 MJ/m3 of planed dry lumber. Primary energy
is energy embodied in natural resources such as
fossil fuels and biomass before being converted,
for example into electricity or heat. The value of
631 MJ/m3 included both off-site and on-site
electrical sources (Table 3). For sawing, drying,
and planing, the distribution of grid electrical
energy consumption was 50, 25, and 25% of the
total, respectively. Based on these percentages,
the three unit processes used 299, 149.5, and
149.5 MJ of grid electricity per cubic meter
planed dry lumber. Wood-fuel cogeneration pro-
vided 5.3% of total electricity consumed. Process
energy use varied considerably, depending on if
the mill ran a cogeneration unit. Larger mills
tended to use less energy per unit of planed dry
lumber for drying than did smaller mills.


Process energy required for drying and other
associated drying processes (including cogene-
ration) and facility heating was based on fuel
consumption with the major source being wood
fuel produced on-site from the sawing pro-
cess. A portion of wood fuel produced on-site,
206 OD kg, and some purchased wood fuel,
31.7 OD kg, were combusted to generate heat


for the mill per 1.0 m3 planed dry lumber. Ther-
mal energy produced on-site was the greatest
proportion of energy used on-site. Overall, wood
fuel contributed 96% to total energy produced
on-site with natural gas at 2.6%.


Total energy consumption per cubic meter of
planed (surfaced) dry hardwood lumber was com-
parable with published data (Comstock 1975;
Breiner et al 1987; Armstrong and Brock 1989;
Bergman and Bowe 2008), allowing for the fact
that processes such as facility heating and cogen-
eration were included in this analysis because
their energy use was significant. Electrical con-
sumption for producing planed dry hardwood
lumber in the SE was similar to the NE/NC US
with an overall value of 608 MJ/m3 (Bergman
and Bowe 2008). Neither value considers primary
energy resources.


As part of ISO 14040 guidelines, ways to
decrease environmental burdens are included
in this study. Decreasing energy consumption
is a common way to decrease environmental


Table 3. Material and energy consumed on-site to


produce 1.0 m3 of planed dry lumber (SimaPro input


values).a


Fuel type
Amount
(units/m3)


Fossil fuelb


Natural gas 3.5 m3


Fuel oil #6 0.49 L


Propane 1.46 L


Electricity


Off-site generation 598 MJ


On-site generation 33 MJ


On-site transportation fuelc


Off-road diesel 4.23 L


Gasoline 0.44 L


Propane 0.04 L


Renewable fueld


On-site wood fuel 206 kg


Purchased wood fuel 31.7 kg


Water use


Surface water 25.4 L


Groundwater 217 L
a Includes fuel used for electricity production and for log and purchased


wood fuel transportation (unallocated).
b Energy values were determined using higher heating values (HHV) in


MJ/kg: 43.3 for fuel oil #1 and #2.
c Energy values were determined using HHV in MJ/kg: 45.5 for off-road


diesel and 54.4 for gasoline.
d Values given in oven-dry weights (20.9 MJ/OD kg).
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burdens and is consistent with what was found
in this study. There are several approaches to
lowering energy consumption, and mills that
incorporate these methods would ultimately
have significantly lower energy use and there-
fore increased productivity. Using improved
sawing practices, such as the best opening face
program (Harpole and Hallock 1977), improved
lumber sizing, and thinner kerf saws, has in-
creased lumber yields and decreased electri-
city consumption. Most large mills are using
these technologies. Curve sawing technology is
another approach that is already standard prac-
tice in the softwood lumber industry (Bond and
Araman 2008).


Another approach is to decrease thermal energy
use. Several different drying methods including
altered kiln schedules may be used depending
on species, fuel costs, and wood residue use.
Air-drying lumber is one such method, but this
is not the preferred method because of drying
degrades and the large amount of drying stock
required. One surveyed mill had an extensive
air-drying yard and as a result had considerably
decreased energy consumption. Drying degrade
is a decrease in lumber quality caused by drying;
greater control of the drying process typically
decreases drying degrade, for example, drying
lumber in a T shed or covering lumber with
a protective fabric. Maintaining a large lumber
inventory for air-drying decreases profits because
recovering investments is delayed. Among dry-
ing methods, air-drying has the least control,
resulting in the highest level of degrade, although
it requires the lowest energy use of all dry-
ing methods (FPL 1999; Denig et al 2000;
Nebel et al 2006).


Table 4 shows allocated cumulative energy of
making 1.0 m3 of planed dry lumber (solid line
system boundary). Cumulative energy allocated
to planed dry lumber was 5.86 GJ/m3. Of the
different types of fuel, wood fuel/wood waste
consumed by far the most energy, because of the
intensive energy needed for kiln-drying lumber.


On-site transportation of wood was a minor fuel
consumer compared with boiler fuel consumption.


Off-road diesel accounted for the greatest
consumption. On-site transportation included
forklifts, front-end loaders, trucks, and other
equipment used within the system boundary of
the facility. Off-road diesel consumption was
4.23 L/m3 of planed dry lumber and was con-
sumed at nearly nine times the rate of propane
and gasoline combined on average. Transporta-
tion fuel consumption for unit processes was 40,
20, 20, and 20% for log yard operations, sawing,
drying, and planing, respectively. Corresponding
values of the four unit processes for off-road die-
sel were 1.69, 0.846, 0.846, and 0.846 L/m3. For
propane, values were 0.175, 0.088, 0.088, and
0.088 L/m3, respectively.


Off-site generation of electrical power signifi-
cantly influenced overall environmental impact
because of all the different fuels used to gener-
ate power. Grid electricity is produced off-site
(beyond the mill’s boundary) for use on-site in
the manufacturing process. Average composi-
tion of (off-site) electricity was determined
for the SE region by totaling quantities of differ-
ent fuel sources used in electrical generation for
each of the eight states in 2006 and converting to
percentages. The most significant electric power
contributor in the SE region was coal (51.1%).


Table 4. Cumulative energy (higher heating values


[HHV]) consumed during production of planed (surfaced)


dry hardwood lumber—cumulative, allocated gate-to-gate


life-cycle inventory values (SimaPro output values).a


Southeast lumber (SE)


(kg/m3) (MJ/m3)


Fuelb,c


Wood fuel/wood waste 184 3860


Coald 31.4 823


Natural gasd 6.90 375


Crude oild 7.64 348


Hydro 0 19


Uraniumd 0.00112 427


Energy, unspecified 0 10


Total — 5860
a Includes fuel used for electricity production and for log and purchased


wood fuel transportation (allocated).
b Values are allocated and cumulative and based on HHV.
c Energy values were found using their HHV in MJ/kg: 20.9 for wood oven-


dry, 26.2 for coal, 54.4 for natural gas, 45.5 for crude oil, and 381,000 for


uranium.
d Materials as they exist in nature and have neither emissions nor energy


consumption associated with them.
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Other contributors were nuclear (28.4%), natural
gas (12.8%), petroleum (1.2%), hydro (2.5%),
and other renewables (1.9%).


Water Consumption


Water use was mainly for sprinkling logs, dust
control, and boiler make-up water. Nine mills
used water sprinklers and four mills used pond
storage to wet logs to prevent staining. Of the
12 mills, two used both types of wetting logs and
one did not wet its logs. Water consumption
was based on responses from six mills with
one mill using nearly 70% of total reported
consumption for sprinkling logs. Dust control
was a problem for several mills with gravel-
surfaced air yards, especially during the dry sea-
son. Surface and groundwater consumption
averaged 25.4 and 217 L/m3 of planed dry lum-
ber, respectively. Factoring out the one large
water-consuming mill decreased average ground-
water consumption to 61.3 L/m3, about a 71.8%
decrease, whereas average surface water con-
sumption stayed the same.


Transportation Data


Logs. Logging transportation data were re-
quired to connect the forest resource LCI to
the hardwood lumber LCI. An average one-way
haul distance for hardwood logs (including bark)
of 60.4 km with 100% empty backhaul was cal-
culated from primary mill data. Mill average log
moisture content was 85%.


Purchased wood fuel. Only one mill surveyed
purchased wood fuel for heating dry kilns and
for operating a cogenerating unit. The mill’s
cogeneration unit provided both thermal and
electrical energy for use on-site. An average
one-way haul distance for purchased wood fuel
of 3.64 km with 100% empty backhaul was cal-
culated from primary mill data. Mill average
purchased wood fuel moisture content was 8%.


Environmental Impact


SimaPro 7 was used to model output factors
such as raw material consumption during the


manufacturing process on an allocated basis.
Excluding logs processed into lumber, raw ma-
terials consumed included purchased wood fuel
(waste), coal, crude oil, natural gas, and lime-
stone with allocated values of 24.6, 31.4, 7.64,
6.90, and 4.92 kg, respectively. A wood volume
of 1.27 m3 entered the planing process to pro-
duce 1.0 m3 planed dry lumber (Table 5). Lime-
stone and most of the coal were used to produce
off-site electricity, and oil and natural gas were
for both off-site electricity and thermal energy
used on-site. Limestone helps remove sulfur
dioxide emitted from burning coal. The region
selected for production affects environmental
impact of hardwood lumber production because
coal is the primary off-site material used for
electrical power production in the SE, whereas
most power in the PNW is produced from hydro
and natural gas.


Life-Cycle Inventory


Two different LCI scenarios for manufactur-
ing hardwood lumber were evaluated: allocated


Table 5. Raw materials consumed during production


of planed (surfaced) dry lumber—cumulative, allocated


gate-to-gate life-cycle inventory values (SimaPro output


values).a


Raw materialb
Amountc


(units/m3)


Logs at mill gated 1.27 m3


Water, well, in grounde 0.126 m3


Water, process and cooling, surfacee 0.014 m3


Purchased wood waste 24.6 kg


Coal, in grounde 31.4 kg


Gas, natural, in grounde 6.90 kg


Oil, crude, in grounde 7.64 kg


Limestone, in grounde 4.92 kg


Energy, from hydro powerf 18.5 MJ


Energy, unspecifiedf 10.3 MJ


Uranium, in grounde 0.00112 kg
a Includes fuel used for electricity production and for log and purchased


wood fuel transportation (allocated).
b Values are allocated and cumulative.
c Energy values were found using their higher heating values (HHV) in MJ/


kg: 20.9 for wood oven-dry, 26.2 for coal, 54.4 for natural gas, 45.5 for crude


oil, and 381,000 for uranium.
d Amount of wood in lumber form entering the planing process; no shrink-


age taken into account from drying process.
e Materials as they exist in nature and have neither emissions nor energy


consumption associated with them.
f Conversion for units of electricity is 3.6 MJ/kWh.
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cumulative and allocated on-site. The method
for evaluating the two scenarios followed ISO
14040 standards, and SimaPro was used as an
assessment tool. The allocated cumulative sce-
nario examined all emissions for electricity and
thermal energy generation that were required
to produce 1.0 m3 of planed dry lumber starting
with hardwood logs at the forest landing. Emis-
sions included cradle-to-gate resource re-
quirements (production and delivery) of grid
electricity, fossil fuels, and purchased wood fuel
burned in the boiler and fossil fuels used in yard
equipment such as forklifts. This scenario also
included emissions data from on-site combus-
tions of purchased wood fuel, fossil fuels,
and wood fuel generated on-site burned in
boilers for process energy. Transportation of
logs (including bark) to the mill gate was
included in the first scenario. The allocated on-
site scenario only considered emissions from
combustion of all fuels used on-site at the
mill and therefore did not include logging or
transport of logs to the mill, manufacture of
liquid fuels, or off-site grid electricity con-
sumed at the mill.


Table 6 shows the lower environmental impact
of on-site compared with cumulative emissions
for the 12 mills surveyed. Carbon dioxide (CO2)
emissions were separated by two fuel sources,
biogenic (biomass-derived) and anthropogenic
(fossil fuel-derived). Biogenic CO2 is consid-
ered carbon-neutral when the CO2 emitted is
reabsorbed during forest growth and released
during decomposition or burning and done on a
sustainable basis. Cumulative (total) emission
values of 424 and 131 kg were reported from
SimaPro for CO2 (biogenic) and CO2 (fossil),
respectively (Table 6). Percentage of biogenic
CO2 to total CO2 increased from 76.4 to 91.5%
from total to on-site schemes. VOCs produced
from drying lumber were 43 g/m3 regardless
of scenario. This is close to the value of 50 g
VOCs/m3 of rough green lumber as calculated
from the literature (Rice and Erich 2006; Rice
2008).


Materials and energy resources consumed to
manufacture 1.0 m3 of planed dry hardwood


lumber are shown in Table 3. Table 7 shows
on-site energy input values unallocated and allo-
cated to planed dry lumber. Unallocated values
were calculated from material and energy
resources found in Table 3 and were the sum of
all fuel and electricity inputs to the process.
Allocated on-site energy use is roughly 75% of
total unallocated on-site use.


Table 6. Life-cycle inventory results for total emissions


on a per unit basis of planed dry lumber.


Substance
Allocated total


(kg/m3)
Allocated on-site


(kg/m3)


Water emissions


Biological oxygen


demand (BOD)


4.98E-04 3.78E-07


Cl– 1.96E-02 1.78E-05


Suspended solids 5.33E-02 2.09E-04


Oils 7.71E-03 —


Dissolved solids 4.27E-01 6.35E-05


Chemical oxygen


demand (COD)


5.25E-03 3.24E-05


Other solid materiala


Waste in inert


landfill


0.505 0.505


Waste to


recycling


0.207 0.207


Solid wasteb 33.2 18.2


Air emissions


Acetaldehyde 6.05E-04 6.07E-04


Acrolein 1.12E-06 —


Benzene 7.27E-04 7.28E-04


CO 3.57 3.43


CO2 (biomass) 424 424


CO2 (fossil) 131 39.4


CH4 1.97E-01 1.94E-04


Formaldehyde 1.12E-02 1.12E-02


Mercury 2.41E-06 2.46E-07


NOx 1.37 0.95


Nonmethane,


volatile organic


compounds


(NMVOC)


2.05E-01 6.82E-02


Particulate


(PM10)


1.12E-01 8.25E-02


Particulate


(unspecified)


7.99E-02 —


Phenol 8.07E-03 8.09E-03


SOx 0.848 0.103


VOC 0.0430 0.0430
a Includes solid materials not incorporated into product or coproducts and


outside of the system boundary.
b Solid waste is mostly boiler ash from burning wood. Boiler ash is either


spread as a soil amendment or landfilled depending on the facility.
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Table 8 shows cumulative energy consumption
(allocated) by region and type of lumber. As
expected, because of longer drying times and
denser material, making hardwood lumber con-
sumed significantly larger amounts of energy
than softwood lumber. In addition, a larger value
of 6.39 GJ/m3 in the NE/NC region may contrib-
ute to energy needed to heat facilities and saw
and kiln-dry frozen lumber during the winter
months.


Carbon Balance


Carbon emissions are playing an increasingly
important role in policy decision-making in the
US and throughout the world. The impact of
carbon was determined by estimating values of
carbon found in wood and bark as described
from previous studies (Skog and Nicholson
1998), using a mixture of hardwood roundwood
values for the SE. We used a mixed hardwood
factor of 318 kg/m3 of wood material and a
carbon content of 53.0% with an incoming


log wood mass of 1.29 OD Mg/m3 planed dry
lumber to calculate carbon balance. Average
carbon input was 838 kg/m3 of planed dry lum-
ber with inputs in the form of logs (684 kg), bark
(28 kg), and wood fuel (126 kg). Total carbon
output was 847 kg/unit in the form of planed dry
lumber (318 kg), coproducts (394 kg), solid
emissions (18 kg), and air emissions (117 kg).
Anthropogenic CO2 was assumed to be derived
from burning fossil fuels and therefore not
included in the natural carbon balance. A total
of 1 m3 of planed dry hardwood lumber in the
SE US stores 1.17 Mg CO2 equivalents as a final
product. Carbon stored in the final product is
about nine times greater than fossil CO2 emitted
during manufacturing. As a comparison, 1 m3 of
planed dry softwood lumber from the NE/NC
stores 667 kg CO2 equivalents (Bergman
and Bowe 2010a), and 1 m3 of planed dry hard-
wood lumber from the NE/NC stores 1.12 Mg
CO2 equivalents (Bergman and Bowe 2008).
Hardwood lumber stores larger amounts of


Table 7. Fuel and electrical energy used to produce a


cubic meter of planed dry lumber.


Energy use at mill


Unallocated
(MJ/m3)


Allocated
(MJ/m3)


Fossil fuela


Natural gas 136 106


Fuel oil #6 20.6 16.0


Propane 38.7 30.1


Electricityb


Off-site generation 598 465


On-site generation 33.4 26.0


On-site transportation fuelc


Off-road diesel 164 67.1


Gasoline 15.3 6.25


Propane 0.942 0.386


Renewable fueld


On-site wood fuel 4320 3360


Purchased wood


fuel


662 514


Total 5990 4490
a Energy values were determined using their higher heating values in MJ/


kg: 43.3 for fuel oil #1 and #2.
b Conversion unit for electricity is 3.6 MJ/kWh.
c Energy values were determined using their higher heating values in MJ/L:


38.7 for off-road diesel, 26.6 for propane, and 34.8 for gasoline.
d Values given in oven-dried weights (20.9 MJ/OD kg).


Table 8. Cumulative energy (higher heating value [HHV])


consumed during production of planed (surfaced) dry


lumber from the southeast compared with softwood lumber


produced in the southeast and hardwood lumber produced


in the northeast/north central region—cumulative, allocated


gate-to-gate life-cycle inventory values (SimaPro output


values).a


CORRIM Phase Ib CORRIM Phase IIc


Southeast
Northeast/
north central Southeast


Fueld (MJ/m3)


Wood fuel/


wood waste


3020 3720 3860


Coal 411 896 823


Natural gas 232 793 375


Crude oil 97 615 348


Hydro 4 11 19


Uranium 170 344 427


Energy,


unspecified


8 8 10


Total 3940 6390 5860
a Includes fuel used for electricity production and for log and purchased


wood fuel transportation (allocated).
b Consortium for Research on Renewable Industrial Materials (CORRIM)


Phase I projects dealt with structural building materials in the pacific north-


west and the southeast (primary producing regions).
c CORRIM Phase II projects dealt with structural building materials in the


northeast/north central and inland west and hardwood lumber in the East.
d Based on HHV.
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carbon per volume mainly because of greater
specific gravity (Bergman 2010).


CONCLUSIONS AND RECOMMENDATIONS


Based on LCI data developed for 12 hardwood
sawmills in eight SE states, the amount of car-
bon stored in dry planed hardwood lumber was
found to exceed fossil carbon emissions linked
to manufacturing by a factor of nine. Also, car-
bon stored in the final product was determined
to exceed all carbon emitted during manufactur-
ing. Therefore, when hardwood lumber and its
carbon stay in products held in end uses, carbon
storage benefits are at their greatest.


In mills examined in this study, nearly all energy
burned on-site for manufacturing hardwood
lumber came from woody biomass. This was a
major factor in the low average fossil emissions
found for surveyed mills. Burning biomass for
energy does not contribute to increasing atmo-
spheric CO2 provided forests are regrowing
and reabsorbing the emitted CO2 on a sustain-
able basis. Substituting fossil fuels for woody
biomass fuel on-site during lumber manufactur-
ing would result in additional atmospheric CO2


emissions not being sequestered on a sustainable
basis. Therefore, burning more fossil fuels dur-
ing hardwood lumber manufacturing would
result in greater impacts to climate change than
burning woody biomass.


Sawing was found to consume the greatest pro-
portion of electricity in the manufacturing of
hardwood lumber. Thus, installing optimization
equipment would lower electrical consumption
by decreasing sawing errors. Accurately sized
lumber through proper target sizing and lumber
size quality control, along with curve sawing
technology, proper saw design, and use of thin-
ner kerf saws improves lumber recovery. Also,
these features decrease electrical consumption
and volume of green wood residue produced.


Drying consumed the greatest proportion of
fuel. In this study, wood fuel accounted for
96% of thermal energy used and 66% of total
energy consumed. Lowering overall energy


consumption from upgrading or overhauling
existing older and inefficient dry kiln facil-
ities would lessen the environmental impact
associated with manufacturing hardwood lumber
in the SE. Also, designing and implementing
new air-drying methods without loss of wood
quality even in conjunction with some kiln-
drying would considerably decrease the envi-
ronmental impact of manufacturing hardwood
lumber. Furthermore, air-drying hardwood lum-
ber should be of a greater priority than air-drying
softwood lumber because of additional drying
time and energy required for drying hardwood
lumber compared with softwood lumber. Air-
drying lumber is a more common practice in
other areas of the world in which higher moisture
content for final interior wood products is typical
and fuel costs are higher.
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