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ABSTRACT 
Recent attention has focused on the net greenhouse gas (GHG) implications of using woody biomass to 
produce energy. In particular, a great deal of controversy has erupted over the appropriate manner and 
scale at which to evaluate these GHG effects. Here, we conduct a comparative assessment of six different 
assessment scales and four different metric calculation techniques against the backdrop of a common 
biomass demand scenario. We evaluate the net GHG balance of woody biomass cofiring in existing coal-
fired facilities in the state of Virginia, finding that assessment scale and metric calculation technique do in 
fact strongly influence the net GHG balance yielded by this common scenario. Those assessment scales 
that do not include possible market effects attributable to increased biomass demand, including changes in 
forest area, forest management intensity, and traditional industry production, generally produce less-
favorable GHG balances than those that do. Given the potential difficulty small operators may have 
generating or accessing information on the extent of these market effects, however, it is likely that 
stakeholders and policy makers will need to balance accuracy and comprehensiveness with reporting and 
administrative simplicity. 

1. INTRODUCTION 
The June 2010 release of a report by the Manomet Center for Conservation Sciences detailing the 
greenhouse gas (GHG) consequences of biomass use in Massachusetts generated significant press 
coverage (LeBlanc 2010; Zeller 2010), spawned an intense public debate over the very nature of biomass 
combustion and the analytical techniques by which to evaluate it (Lucier 2010; Cardellichio and Walker 
2010), and reignited discussions over the role that biomass is to play in renewable energy and climate-
related policies (Zeller 2010; Daley 2011). This heightened attention comes as the U.S. Environmental 
Protection Agency (EPA) continues its deliberations on the regulation of GHGs emanating from woody 
biomass and other biogenic sources. Given the unresolved nature of the debate, the agency recently 
proposed deferring a decision on the matter for three years so as to better evaluate the underlying science 
(U.S. EPA 2011). A central question in these deliberations is the extent to which the reported divergences 
in biomass combustion estimates stem from differences in application (i.e., differences in forest 
composition or combustion technology) or in accounting (i.e., differences in baseline assumptions or 
temporal and spatial coverage). 

Consideration of the GHG implications of woody biomass use is hardly a recent phenomenon. Multiple 
analyses have examined the GHG implications of woody biomass use for energy production over the 
course of the last few decades. For example, Hall et al. (1991), Baral & Guha (2004), and Zhang et al. 
(2010) all find that using woody biomass to substitute for coal can yield substantial GHG benefits over 
time. Marland and Schlamadinger (1997) find that carbon-reduction benefits may accrue from either 
forest sequestration or fossil fuel substitution, but that the relative benefit of one over the other depends 
on the efficiency with which biomass is used. 

More recently, attention has returned to the accounting structure used to evaluate biomass GHG benefits, 
including the scale and scope of the assessment. Searchinger et al. (2009) focus on the inherent link 
between the carbon implications of biomass growth and harvest and the ultimate carbon benefit of its use. 
The aforementioned report by the Manomet Center for Conservation Sciences (2010) (hereafter 
“Manomet report”) assesses the carbon implications of biomass substitution in Massachusetts from an 
individual forest plot–level perspective, finding that varying degrees of “carbon debt” can result 
depending on generation technology and fossil fuel substituted. Abt et al. (2010) meanwhile find that 
significant carbon benefits can accrue at the regional level when biomass is substituted for coal in the 
southeastern United States. 

This paper informs the present debate over the GHG effects of woody biomass use by conducting a 
comparative analysis of biomass accounting techniques. We begin with a common assumption—that 
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existing coal-fired facilities in the state of Virginia will add some percentage of woody biomass to their 
fuel mix, a process known as cofiring. From here we evaluate the net GHG implications of cofiring using 
six different accounting approaches and four separate techniques to convert cumulative GHG balance 
over time into a single unit of measure. We assess the relative effect of the accounting approach on the 
observed differences in GHG balance, and conclude with the policy implications of our findings. 

2. MATERIALS AND METHODS 
The assessment is based on output from the SubRegional Timber Supply (SRTS) model (Abt et al. 2009; 
Prestemon and Abt 2002). SRTS models product demand as a function of product stumpage price and 
demand shifts through time. Product supply is modeled as a function of product stumpage price and 
inventory. The product price and harvest levels by product, subregion, and owner are simultaneously 
determined in the market equilibrium calculations. In each year the output from the market module is an 
equilibrium harvest by product for each region-owner combination. The inventory shift for the 
equilibrium calculation is estimated using empirically based growth derived from regional Forest Service 
data, harvest from the market equilibrium module, and land-use change. Output data include calculated 
shifts in product harvest, forest carbon, area by forest type, and other data on the composition, ownership, 
and extent of standing forest and harvest activity. 

Here we model the effects of maximizing cofire demand in the state of Virginia using a previously 
outlined methodology (Abt et al. 2010; Galik and Abt, forthcoming). We calculate that cofiring at 
maximum capacity in Virginia will require just over 4.9 million green tons of woody biomass (assuming a 
moisture content of 50%), a level of demand that is phased in over 10 years along a logistic adoption 
curve. We assume that the incentive to use biomass is a product of state, regional, or national renewable 
energy policy, and that biomass demand for energy production is not price-sensitive in the near term. We 
likewise assume that the baseline quantity of hardwood and softwood pulp and sawtimber demanded by 
traditional forest industry in the study area remains constant for the entire projection period. 

Having established a hypothetical biomass demand scenario, we focus our attention on the effect of state-
level biomass demand on forest carbon and total GHG emissions across six different assessment scales 
over a period of 25 years. Note that our assessment of emissions is limited in the present case to carbon 
dioxide (CO2), though other gasses may be released in the course of biomass production or combustion 
(e.g., CH4 and NO2). Each assessment scale represents a particular point on a continuum of expected 
effects (Table 1). All have some basis for use in a regulatory or market context. The state-level 
assessment scale captures what we would expect the “true” GHG implications of biomass use to be, 
absent any induced shifts in timber production outside of the study area (see, e.g., Wear and Murray 
2004). The procurement area scale most closely approximates the GHG implications of biomass use as 
seen from the perspective of a large user of biomass, i.e., a large industrial facility or power plant. The 
individual landowner scale approximates GHG implications observed from the perspective of a large 
landowner providing biomass to the market. The managed forest and individual plot assessment scales 
approximate the GHG effects seen from the perspective of individual harvest operations, each based on a 
different set of starting assumptions. 
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Table 1. Overview of the assessment scales evaluated. Relevant components and factors considered are noted for 
each. 
Assessment scale Components included 
State State-level change in forest area, forest type, age-class distribution, industrial 

displacement 
Procurement area Survey unit-level change in forest area, forest type, age-class distribution, 

industrial displacement 
Individual landowner County-level change in forest area, forest type, age class distribution, industrial 

displacement 
Multiple plots/managed forest Forest-level change in age-class distribution 
Individual managed plot Individual plot-level change in rotation age 
Individual unmanaged plot Individual plot-level imposition of harvest activity 

1B2.1. Assessment Scale 
Assessment scale is critical because it determines what you measure and what you do not. The more that 
is left out, the more scope there is for distortion of overall net effects. For example, harvesting biomass 
for energy use may result in a near-term decline of forest carbon while offsetting some amount of fossil 
fuel emissions. The GHG implications of biomass use are more complicated, however. Increased prices 
for pulpwood resulting from increased demand for biomass may result in reduced demand from the 
traditional forest industry, a phenomenon we refer to as displacement. Increased biomass prices may also 
trigger shifts in the amount of forested land, the types of forests being managed on those lands, and the 
management intensity of those forests. Each of these effects has the potential to moderate the simple 
harvest-fossil offset dynamic. We examine six different assessment scales to investigate these effects 
further. 

3B2.1.1. State scale 
We assume here that demand for biomass can be met by forest resources existing anywhere in the state. 
We evaluate net GHG emissions implications by comparing total forest carbon stock in live-tree, dead-
tree, understory, down-deadwood, and forest-floor pools under the cofire scenario against a baseline, 
without-cofire scenario. We likewise estimate the reduction in fossil fuel emissions by converting the 
total volume of woody biomass provided for energy production in any given year into metric tons carbon 
dioxide equivalent (t CO2e) using an energy content of 9,000 MMBTU0F

1 per dry pound of wood, a 15% 
“energy penalty” for fuel processing and drying, and facility-specific energy/emission conversion rates 
reported by the U.S. Environmental Protection Agency (2008). These offset fossil emissions are credited 
against any change in forest carbon stocks. Finally, net GHG reductions or emissions for a given year are 
added to that reported for the previous year to generate an estimate of cumulative GHG balance over time. 

4B2.1.2. Procurement scale 
We are not specifically interested in the GHG balance implications for any one individual facility, but 
rather the types of effects experienced at the scale at which a facility may be assessing its impact. As in 
previous analyses (Abt et al. 2010), we assume that a facility will derive its supply of woody biomass 
from counties that fall within a 50-mile radius. Such a procurement area is roughly equivalent in size to 
the U.S. Forest Service Forest Inventory and Analysis (FIA) survey unit corresponding to the Virginia 
coastal plain (Figure 1), so we use this as our unit of observation. As in section 2.1.1., we compare forest 
carbon storage under the cofire scenario against that of the baseline. For consistency across assessment 
scales, we do not parse out the portion of total state-level demand that is attributable to facilities in the 
procurement area, but instead track the shift in forest carbon storage in the survey unit that stems from a 
shift in total state-wide biomass demand. We also estimate the amount of offset fossil fuel emissions 
stemming from the use of harvest residuals along with the proportion of industrial displacement 
                                                      
1 MMBtu = million Btu. 
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attributable to the survey unit. We estimate total fossil fuel emission reductions by first using EPA data 
(U.S. EPA 2008) to calculate the average emission rate per unit of input energy across the state, and then 
applying this average to the level of woody biomass produced for cofire combustion within the survey 
unit using the same conversion assumptions noted in section 2.1.1. Displacement is calculated by 
allocating observed state-level displacement in proportion to the survey unit’s share of total state 
pulpwood removals at the beginning of the cofire scenario. 

Figure 1. Study area, indicating size and location of Virginia Forest Inventory and Analysis (FIA) Survey Unit 1 
(gray shaded), Mathews County (black shaded), and the location and sourcing areas of coal-fired facilities (black 
points and attendant 50-mile-radius buffers). 

 

 

5B2.1.3. Landowner scale 
To approximate the GHG dynamics of increased demand for forest biomass from the perspective of a 
large landowner, we first create a subregion within SRTS capable of capturing a localized shift in forest 
area and management. To do this, we first generate forest-cover attributes for a several-thousand-hectare 
area that could approximate the holdings of a single large landowner. We operationalize this in SRTS by 
tabulating the area of deciduous forest, evergreen forest, mixed forest, and woody wetlands found in a 
single county, Mathews County, Virginia, using a raster of land-use characteristics (U.S. DOI 2002), and 
then create a new SRTS region that is similar in all respects to the coastal plain survey unit within which 
Mathews County resides, excepting the size of the forest inventory. We estimate that deciduous forests in 
Mathews County comprise 0.29% of the survey unit total, evergreens are 1.12%, mixed are 0.36%, and 
woody wetlands are 0.35%. From here, the SRTS model is run and we calculate GHG balance as in 
section 2.1.2. 

6B2.1.4. Multiple stands/managed-forest scale 
As opposed to the shifts in forest area, forest type, and management intensity considered at the landowner 
scale, the managed-forest scale considers only a shift in management intensity on a single SRTS forest 
type: natural pine. To evaluate this shift in management intensity, we use state-level SRTS removals by 
age-class output data to create a distribution of age classes at the time of harvest. Next, we generate a 
GHG profile of sequestration and harvest removals for stands being managed under rotation ages equal to 
the midpoint of each age class (e.g., age class 5 is equivalent to 22-year rotations). These profiles are 
generated assuming repeated rotations at a given age using FIA program-derived yield curves and 
ecosystem-level equations for a southeastern loblolly-shortleaf pine (Pinus taeda- Pinus echinata) forest 
as operationalized through a spreadsheet forest carbon model (Foley et al. 2009), as based on Smith and 
Heath (2002) and Smith et al. (2006). We then apply the share of each age class’s contribution to the 
projected sequestration and harvest removal profile, aggregate across all age classes, determine the 
difference between baseline and cofire scenarios, and convert to units of displaced emissions using state 
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energy/emission relationships described in section 2.1.2. Finally, we compare the cumulative balance of 
stand sequestration under the cofire scenario, moderated by the level of reduced fossil emissions, against 
baseline sequestration to estimate net GHG balance. 

7B2.1.5. Individual managed plot 
Here, we estimate the GHG emission effects of harvesting biomass from an individual plot already being 
managed for the production of forest products. We use SRTS removals by age-class output data to 
estimate an average harvest age for both the baseline and cofire scenarios. Using the same yield curves, 
equation, and forest carbon model described in section 2.1.4., we then generate carbon sequestration and 
harvest removal estimates for repeated rotations under the baseline (45 years) and cofire (46 years) 
scenarios, and compare the two to generate an estimate of cumulative GHG balance. 

8B2.1.6. Individual unmanaged plot 
This assessment scale examines the effect of additional biomass demand on the carbon dynamics of a plot 
that would have otherwise remained unharvested, thus replicating the methodology described in the 
Manomet report in the context of southeastern forests. We begin by using SRTS carbon output to estimate 
the initial mean aboveground carbon storage for forests in the study area (44.3 Mg C/ha)1F

2. We then covert 
this carbon stock into a stand age using the same age-volume relationships discussed in section 2.1.5. (22 
years old). We model the estimated carbon sequestration baseline for a loblolly-shortleaf pine forest 
starting at this age for 100 years into the future. This baseline carbon sequestration is then compared to 
the sequestration observed in a 22-year-old loblolly-shortleaf stand that is cut in the first year of the 
scenario and allowed to regrow over time. We assume that all removals from this stand would be used for 
energy production, and so convert the entire harvested amount into displaced emissions per the approach 
described in section 2.1.4. The cumulative balance of stand sequestration under the cofire scenario is then 
moderated by this level of forgone emissions and compared against baseline sequestration to generate a 
cumulative GHG balance. 

2B2.2. Metric Calculation 
Each assessment scale discussed in section 2.1. generates a cumulative GHG balance profile. Values are 
reported on a per-hectare basis to account for differences in the size of each assessment area. A value 
above zero indicates that a given scenario has achieved cumulative net GHG benefits relative to a non-
cofire alternative. Note that this is not synonymous with being “carbon-neutral.” 

If the goal of biomass GHG accounting is to track performance for regulatory compliance or voluntary 
market purposes, a single measure of GHG mitigation effect may be preferred to a cumulative balance 
profile for a variety of reasons (e.g., administrative burden, regulatory certainty). The question then 
becomes how to convert a given GHG emissions profile into a single measure. For each assessment scale, 
we consider four different metric calculation approaches. 

9B2.2.1. Average annual GHG balance 
For this metric, we simply average the GHG balance of the emissions profile over the projection period. 

10B2.2.2. Average annual GHG flux 
Here, we calculate annual GHG flux, or the change from year to year, and then average these numbers 
over the life of the projection. 

11B2.2.3. Net present value of GHG flux 
This metric acknowledges the higher social and/or economic value of near-term GHG mitigation relative 
to mitigation achieved in later years (see, e.g., van Kooten and Sohngen 2007). To generate this metric, 

                                                      
2 Mg = megagram; C = carbon; ha = hectare. 
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we first calculate annual GHG flux as in section 2.2.2. We then calculate the net present value (NPV) of 
the projection, using the calculated GHG flux for a given year t, a discount rate r of 6%, and a projection 
period L of 25 years: 

∑
= +

=
L

t
t

t
L r

FluxFluxFluxNPV
0

0 )1(
),...,(

      
(1) 

The assumed projection period is long enough to capture market-induced shifts in forest extent and 
composition. Longer projection periods would require assumptions to be made about structural changes to 
regional markets, thus adding additional uncertainty to the analysis. A discount rate of 6% is used to 
demonstrate the effects of a moderate preference for early year gains. 

12B2.2.4. Annual annuity value of GHG flux 
We begin by calculating the annual GHG flux and NPV as in sections 2.2.2. and 2.2.3. We then determine 
the constant GHG annual flux rate C yielding that NPV per the following equation, again assuming a 
discount rate r of 6%, and a projection period L of 25 years: 

r
r

eqNPVC L ))1(1(
)1.(

−+−
=       (2) 

3. RESULTS 
The multiple assessment scales evaluated here yield markedly different GHG balance profiles (Figure 2). 
With some early year-to-year exceptions, the state, procurement area, and landowner scales display more 
favorable GHG effects on a per-hectare basis than the managed-forest and individual-plot scales. In 
particular, the unmanaged plot example is dramatically lower than all other assessment scales for the time 
period evaluated here. The managed-forest example yields annual GHG benefits in the early years of the 
assessment before falling below zero in the later years. 

Figure 2. Cumulative greenhouse gas (GHG) balance under each assessment scale. Positive values represent 
improved GHG performance relative to a baseline, non-cofire scenario. 

 

In time, both the unmanaged-plot and managed-forest scales generate consistent net GHG benefits. A 
100-year sensitivity analysis conducted in preparation of this manuscript shows that the managed forest 



 9 

begins to yield consistent GHG benefits 36 years into the projection, while the unmanaged plot yields 
consistent GHG benefits starting in year 71. These numbers correspond to the “carbon debt” payoff 
period as discussed in the Manomet report. The managed plot example, however, does not stay 
consistently positive in either the 25 years shown here or in the longer, 100-year sensitivity analysis. 

Considerable variation also exists between the different approaches for generating single-number metrics 
(Figure 3). The average annual GHG balance is characterized by the greatest swing from assessment scale 
to assessment scale, followed by the GHG flux, NPV, and the GHG flux annual annuity. Average annual 
GHG flux shows the least variation across assessment scale. 

Figure 3. Greenhouse gas (GHG) implications by assessment scale and reporting approach. Positive values represent improved GHG 
performance relative to a baseline, non co-fire scenario. 

 

4. DISCUSSION 
The variations seen in net GHG balance (Figure 2) stem from the methods used to calculate GHG balance 
at each assessment scale. State-, procurement area-, and landowner-scale assessments are all estimated 
directly from SRTS output data. Contrast this to the forest and individual-plot assessment scales, in which 
SRTS output data is used as an indication of forest condition from which plot and stand-level GHG 
effects are then estimated. The components considered—the individual factors that collectively determine 
GHG mitigation performance—likewise differ for each assessment scale (Table 1). Those that include the 
greatest number of components (state, procurement area, and landowner assessment scales) arguably 
generate the most complete and true-to-life estimates of the GHG implications of biomass use. 

Comparing just those scales estimated directly through SRTS output, GHG benefit is generally highest in 
the landowner assessment scale, followed by procurement area, and finally state. We attribute this ranking 
to favorable forest and market conditions in the Virginia coastal plain at the beginning of the projection 
period that are further enhanced at the narrower landowner level. This observed ranking is therefore 
situation-dependent, and may vary by region, scenario, and starting assumptions. Here, the observed 
ranking is primarily a function of a slightly higher increase in removals on landowner (+3.6%) and state 
(+2.5%) assessment scales as compared to procurement area (+2.1%), combined with a smaller relative 
decline in forest carbon at the landowner assessment scale (-2.9%) than either state or procurement area 
(both -3.7%). Higher biomass production with less forest carbon loss yields a more favorable GHG 
balance. 

As opposed to the larger number of components considered in the state, procurement area, and landowner 
assessment scales, the managed forest and individual plot examples are driven almost entirely by forest 
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carbon dynamics. In the managed forest example, a shift in age class distribution in response to additional 
demand for forest biomass results in near-term and long-term GHG benefit gains, but mid-term GHG 
declines. The managed plot example meanwhile rises slowly, but does not stay consistently positive in 
either the 25 years shown here or in a longer, 100-year sensitivity analysis. The unmanaged plot yields a 
strongly negative GHG balance in the near term, but improves over time as the stand grows back and 
accumulates carbon at a faster rate than if it would have remained uncut. 

Across all four metric calculation techniques (Figure 3), GHG benefits largely mirror the patterns 
exhibited in cumulative GHG balances, with landowner, procurement area, and state assessment scales 
displaying the greatest GHG benefit, followed by forest, managed plot, and unmanaged plot. Variation 
also exists within each assessment scale depending on metric calculation technique. The wide variation 
seen in the average annual GHG flux metric is primarily due to its susceptibility to extreme values. The 
NPV metric also varies widely across assessment scales due to the heavy influence of early GHG effects, 
especially prominent in the plot-level assessments. The same generally holds true for the GHG flux 
annual annuity approach, but to a lesser extent. The annual average GHG flux metric is largely immune to 
these issues as values are not discounted over time and since the unit of measure is year-to-year GHG 
change and not the overall GHG balance. 

In considering these metric calculation techniques, the annuity is arguably the most appropriate for use in 
a market or compliance situation in which year-to-year consistency is important. While still remaining 
sensitive to the timing of GHG emissions or emission reductions, the annuity yields a single value that 
can be used annually to account for a stream of GHG benefits. Averages, in contrast, are not time-
sensitive. The NPV is time sensitive, but is only an expression of value of the stream GHG benefits for a 
particular year forward; the calculated NPV for a stream of benefits in one year may be very different 
than the NPV for the following. 

0B5. CONCLUSION 
This comparative exercise suggests that the methods used to estimate net GHG benefits stemming from 
biomass cofiring in the state of Virginia can strongly influence the observed results. Shifts in forest area, 
shifts in forest type, and shifts in industrial capacity all influence net GHG benefits attributable to the use 
of biomass. Those approaches that did not account for these potential effects yielded much poorer GHG 
balances than those that did. Furthermore, it is not just a matter of which components (market responses, 
management shifts, etc.) are included, but also the method used to tally these various components and the 
metric used to report the result. 

We believe that the state, procurement area, and landowner assessment scales most closely approximate 
the actual GHG emission implications of the biomass scenario considered here. Each of these requires 
information and analysis beyond which an individual seller or consumer of biomass could be expected to 
produce, however, such as the total amount of biomass demanded for bioenergy for a given year, the total 
shift in industrial capacity, or the shift in forest area for a given location. In contrast, the individual-forest 
and plot analyses fail to consider the full suite of factors that can moderate net GHG effects of biomass 
utilization. The role for stakeholders and policy makers is therefore to determine how to balance a desire 
for accuracy and comprehensiveness with reporting and administrative simplicity. 

Our analysis is built upon numerous assumptions, models, calculations, and conversions that affect the 
final results in both directions. While the specific numerical results could change depending on the 
configuration of these various inputs, we nonetheless believe that the general trends would continue to 
hold true. This is because the data that underlie each assessment scale and each single measure metric are 
derived from a single SRTS model run. Even when a separate standalone model is used to estimate carbon 
sequestration for forest and individual-plot configurations, the underlying age- and biomass-to-carbon 
equations do not change. Caution must always be exercised when applying the lessons learned from one 
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study area or scenario to another, but we believe that the general methodology and findings reported here 
provide a strong contribution to our understanding of the GHG dynamics associated with forest biomass 
use in those situations in which both forest industry and forest management are subject to market 
response. 
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