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Woody residues are byproducts with high lignocellulosic content, such as mill
residues, logging residues, and other woody waste. This study estimated the impact of
different mill characteristics, procurement attributes, constraints, and geospatial features
on the utilization of woody residues to produce bioenergy by primary forest products
manufacturers in the southern United States. Data were collected using a mail survey, and
USDA and Esri geodatabases. Data analysis was conducted using analysis of variance,
two-stage least squares, binary logit, and spatial logistic regression models.
Approximately 70% of mills utilized woody residues for bioenergy purposes and 11%
were willing to utilize additional logging residues to produce electricity. Mills were
willing to pay US$12 (2012 dollars) per metric ton of logging residues at the mill gate
and haul them for up to 93 kilometers. Mills with a larger capacity to utilize woody
residues were more willing to utilize additional logging residues, pay a higher gate price,
and haul them over longer distances. Regarding a mill type, pulp, paper, and paperboard
mills and composite wood products mills were the largest woody residue utilizers and
were willing to increase utilization of logging residues, pay higher prices, and haul them

over longer distances. Utilization of woody residues increased with a processing capacity
increase, equipment upgrades, and lower transportation costs logging residues. Mill
willingness to utilize additional logging residues was higher for mills with the larger
utilization of woody residues, lower quantities of disposable mill residues, anticipated
equipment upgrades, and low importance for lack of storage space. Mills were more
likely to utilize additional logging residues within proximity to a sawmill; pulp, paper,
and paperboard mill; and a major road system, and less likely if a mill was in the vicinity
of a river, forest, and mill producing other forest products. Results will help formulate
future bioenergy policies, guide biomass energy investments and financial incentives, and
help mill and land managers make more informed decisions regarding production and
utilization of woody biomass. Future research is needed to evaluate the feasibility of
utilizing logging residues by other facilities such as power plants and bioenergy facilities.
Keywords: gate price, logging residues, mill residues, mill type, mill-processing
capacity, regression modeling, transportation cost, willingness to utilize
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CHAPTER I
GENERAL INTRODUCTION
1.1

Introduction
Renewable energy sources have received substantial attention with increasing

concerns related to climate change, environmental degradation, and energy security.
Reduction of carbon dioxide (CO2) emissions through renewable energy help mitigate the
effects of global warming by displacing fossil fuels (Dhillon & von Wuehlisch, 2013). At
the international level, numerous protocols and agreements, such as the 1997 Kyoto
Protocol and 2009 Copenhagen Climate Change Conference, were implemented to
reduce the use of fossil fuels and lower CO2 emissions (Hepburn, 2007; Bodansky, 2010).
At the domestic level, the United States implemented initiatives to lower CO2 emissions
by setting a goal to double its 2012 renewable energy production level by 2025 (U.S.
Energy Information Administration, 2014). In 2012, the United States produced 8% of its
energy from renewable sources, of which half was from biomass (U.S. Energy
Information Administration 2014). For the United States, where one-third of land cover is
forest land (328 million hectares) (Howell et al., 2012; Oswalt & Smith, 2014),
production of woody biomass-based bioenergy has the potential to lower CO2 emissions,
mitigate climate change impacts, and improve energy security.
Woody biomass or lignocellulosic biomass can be classified into four categories:
forest residues, short-rotation woody crops (SRWC), agricultural biomass, and
1

switchgrass (all grassy energy crops) (Ruth et al., 2013). Woody biomass accounted for
70% of total biomass (i.e., woody biomass, energy crops, farm waste, solid waste, sewage
waste, and other sources) used to produce energy in 2005 (Perlack et al., 2005). Woody
biomass is less costly than short-rotation woody crops and other energy crops (Cook and
Beyea, 2000). However, availability of specific woody biomass types, such as logging
residues, as a bioenergy feedstock is restricted by delivery costs that include the price
paid for the owner, transportation costs, and logger charges (Perez-Verdin et al., 2009).
U.S. Department of Energy (2011) estimated that 907 million dry metric tons (DMT)
(one billion dry U.S. tons) of biomass was available for energy production from
agricultural and forestlands and that amount would be sufficient to replace 30% of
national petroleum consumption in the United States. In Mississippi alone, annual
biomass production was estimated to be 3.6 million DMT and included logging residues
(69%), small diameter trees (21%), urban wastes (7%), and mill residues (3%) (PerezVerdin et al., 2009).
Woody residues include all types of wood-derived residues or byproducts with
high lignocellulosic content produced as a byproduct or waste during procurement,
production, and consumption of wood and wood products, such as mill residues, logging
residues, and other woody waste. By 2031, woody residues are expected to account for
18 to 26% of biomass used for bioenergy production in the southern United States (Abt &
Abt, 2013). Mills residues are residues produced as a byproduct produced during mill
manufacturing activities such as lumber, pulp, veneer, or plywood production (PerezVerdin et al., 2009). The billion-ton study update report indicated that only 1.5% of mill
residues were not utilized (U.S. Department of Energy, 2011). Similarly, a study
2

conducted in Mississippi by Joshi et al. (2013) indicated that only 1% of mill residues
were not utilized, and most mill residues were either internally used or sold. Therefore, to
increase woody residue utilization and produce more bioenergy, mills will need to
identify alternative sources of woody biomass feedstock, which potentially can include
logging residues, and urban wood waste (Galik et al., 2009; Joshi et al., 2015). Other
woody wastes such as construction wastes, urban woody wastes, and solid wastes are
byproducts of construction activities and human consumption; however, their quantities
are not sufficiently large to serve as a single feedstock for bioenergy production (Joshi et
al., 2015). Logging residues include harvesting residues, coarse woody debris including
both down wood and standing snags, and fine woody debris left on the forest floor after
logging operations (Riffell et al., 2011). A study conducted in Mississippi indicated that
one green metric ton (GMT) of logging residues was available for every five GT of
harvested timber (Perez-Verdin et al., 2009). Nationwide, Gan and Smith (2006)
estimated that 36.2 million DMT of logging residues was available in the United States.
Whereas, the billion-ton update report estimated 43 million DMT of logging residues
would be available in the United States at recovery cost of $40 (2011 dollars) per DMT
(U.S. Department of Energy, 2011).
Opportunities to utilize logging residues for electricity is associated with
challenges related to optimization of the supply chain and economic feasibility. Increased
utilization of logging residues is also associated with concerns related to a potential soil
productivity loss (Gan, 2007; Johnson et al., 2012; Evans et al., 2013). Börjesson (2000)
recommended that between 0.8 to 2.2 DMT of ashes per hectare (ha) per rotation period
should be left for maintaining essential nutrients such calcium, magnesium, potassium,
3

and phosphorous. Fertilization is another method to replenish the nutrients after
extraction of logging residues (U.S. Department of Energy, 2011), but this activity will
involve additional cost. However, Evans et al. (2013) concluded that about 30 to 40% of
residues could be removed from agricultural and forest land. The billion-ton update study
reported at most 70% of the woody biomass can be extracted from a harvest site without
affecting soil productivity (U.S. Department of Energy, 2011). Furthermore,
approximately 30% of logging residues are left at the harvest site because it is not
economically feasible to extract them (Perlack et. al., 2005). This quantity of logging
residues contains more nutrients than the amount recommended by Börjesson (2000) and,
thus, can provide sufficient nutrient compensation Radhakrishnan, 2012). Results from a
North American long-term soil productivity study did not reveal any explicit and uniform
effects on tree productivity due to woody biomass removal from harvest sites (Thiffault
et al., 2011). Also, procurement of woody biomass such as logging residues can reduce
site preparation costs resulting in greater economic benefits to forest landowners (Nurmi,
2007).
This research was conducted to identify factors affecting utilization of various
types of woody residues used to produce bioenergy in mills located in the southern
United States. Four different studies were conducted to estimate the utilization of woody
residues for bioenergy production and determine mill willingness to utilize additional
logging residues to produce electricity in the southern United States.
The dissertation is organized as follows. Chapter I contains a general introduction
and study objectives. The chapter provides an overview of woody residue availability,
examines potential for utilization, and identifies research gaps. Chapter II contains the
4

first study entitled “Utilization of woody residues to produce bioenergy by primary forest
products manufacturers in the southern United States.” The objective of Chapter II was to
estimate variation among different mill types and different processing capacities and its
association with utilization of woody residues; past and anticipated equipment upgrades
to produce electricity; willingness to utilize, pay for, and haul additional logging residues
to produce electricity; and mill perceptions of the importance of different factors limiting
utilization of logging residues. Utilization of woody residues is an opportunity and a
challenge for the forest products industry. Different factors were identified in the
literature to either promote or limit utilization of woody residues for bioenergy purposes.
Chapter III contains the second study entitled “Factors affecting utilization of
woody residues to produce bioenergy in the southern United States.” The objective of
Chapter III was to model promoting and limiting factors on the utilization of woody
residues. Specifically, this study estimated the impact of changes in mill capacity,
willingness to utilize additional logging residues, implemented and anticipated equipment
upgrades to facilitate electricity production, and factors limiting utilization of additional
logging residues on the utilization of woody residues to produce bioenergy in the
southern United States. However, previous research indicated that the most common
form of woody residues, mill residues, was almost fully utilized for various purposes, and
suggested logging residues might be a more viable feedstock for bioenergy production.
Therefore, the third study was developed to estimate how likely mills were to utilize
additional logging residues to produce electricity.
Chapter IV contains the third study, entitled “Willingness of primary forest
products manufacturers in the southern United States to utilize logging residues to
5

produce electricity.” The Chapter IV objective was to estimate mill willingness to utilize
additional quantities of logging residues to produce electricity by accounting for different
mill profile characteristics, procurement attributes, and factors limiting utilization of
logging residues.
Previous research also reported that, in addition to mill characteristics, a
geographical location of a mill and other geospatial features had an impact on a mill’s
utilization of logging residues. Thus, this fourth study was developed to quantify how
these factors influenced the probability that a mill will utilize additional logging residues
to produce electricity in the southern United States. Chapter V contains the fourth study
entitled “Probability of utilizing additional logging residues to produce electricity by
primary forest product manufacturers in the southern United States.” The Chapter V
objective was to determine the probability of a primary forest products manufacturer to
utilize additional logging residues to produce electricity by examining the geographic
location of mills in the southern United States and linking this data with spatial
factors/covariates such as distance to the roads, rivers, city centers, and forests. Chapter
VI contains concluding remarks on the dissertation research.

6
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CHAPTER II
WOODY RESIDUE UTILIZATION FOR BIOENERGY BY PRIMARY FOREST
PRODUCTS MANUFACTURERS: AN EXPLORATORY ANALYSIS
2.1

Abstract
For countries such as the United States, where one-third of the land area is

covered with forests, production of woody biomass-based electricity can help lower
carbon dioxide (CO2) emissions, mitigate climate change impacts, and improve energy
security. This study involved an exploratory analysis of how current woody residue
utilization as well as willingness to use, pay for, and haul additional logging residues
varied among different primary forest products manufacturer types and different
processing capacities. A four-contact mail survey was sent to 2,138 mills in 2012 in 12
states of the southern United States. Approximately 70% of mills utilized woody residues
for bioenergy purposes and 11% were willing to utilize additional logging residues to
produce electricity. Mills were willing to pay US$12 (2012 dollars) per green metric ton
(GMT) of logging residues at the mill gate. Manufacturers with a larger capacity to
utilize woody residues were more willing to utilize additional logging residues, pay a
higher gate price, and haul logging residues over longer distances. Pulp, paper, and
paperboard mills and composite wood product mills were the largest woody residue
utilizers and were willing to increase use, pay more, and haul additional logging residues
over longer distances. Therefore, these mill types were the most likely candidates for
9

capacity improvements that will help increase utilization of logging residues in the future.
These results will be helpful in identifying mills most suitable for increasing utilization of
woody residues, guiding investment decisions regarding retrofitting and constructing new
facilities for production of bioenergy, and formulating future policies related to biomassbased energy production. A future research study should evaluate the impact of mill
manufacturing characteristics, procurement attributes and limiting factors in the
utilization of woody residues for bioenergy purposes.
Keywords: energy, gate price, hauling distance, mill capacity, southern United
States, woody biomass
2.2

Introduction
The pressing need for addressing concerns related to climate change, energy

costs, and energy security has increased an interest in renewable energy sources such as
woody biomass (McKendry, 2002). It has become important to reduce carbon dioxide
(CO2) emissions and increase utilization of renewable energy to mitigate the effects of
global warming by displacing traditional nonrenewable fossil fuels (Dhillon & von
Wuehlisch, 2013). At the international level, numerous protocols and agreements, such as
the 1997 Kyoto Protocol and 2009 Copenhagen Climate Change Conference, were
implemented to mitigate climate change impacts by reducing the use of fossil fuels and
thus lowering CO2 emissions (Hepburn, 2007; Bodansky, 2010). At the domestic level,
the United States implemented initiatives to lower CO2 emissions by setting a goal to
double its 2012 renewable energy production level by 2025 (U.S. Energy Information
Administration, 2014). A greater utilization of woody biomass, such as mill and logging
10

residues, can help attain national renewable energy production goals and lower CO2
emissions.
The Energy Information Administration (EIA) indicated that in 2012 only 8% of
energy in the United States was produced from renewable sources, of which 4% was
produced from biomass (U.S. Energy Information Administration, 2014). Woody
biomass derived from forests accounted for approximately 75% of all biomass (i.e.,
woody biomass, energy crops, farm waste, solid waste, sewage waste, and other sources)
utilized for bioenergy production and was the largest source of renewable energy
feedstocks (Perlack et al., 2005; U.S. Department of Energy, 2011). Acknowledging the
benefits of producing bioenergy from woody biomass, different policies have been
developed in the United States to incentivize and facilitate its utilization. The President
Bush’s Healthy Forest Initiative, the Healthy Forest Restoration Act of 2003, the
Omnibus Appropriations Bill of 2003, and the National Energy Policy of 2005 all
emphasized the use of woody biomass for addressing domestic bioenergy demand and led
to the development of the USDA Woody Biomass Policy in 2005 (Nazzaro, 2005). These
policy instruments provide federal tax credits for producing energy from renewable
sources, offer grants to facilitate forest biomass utilization, and provide funding to small
enterprises for training and outreach to further improve and increase woody biomass
utilization.
For countries such as the United States, where a large proportion of land is
covered with forests (Alvarez, 2007; Oswalt & Smith, 2014), utilization of woody
biomass could be a substantial source of renewable energy. Forests cover about 33% [328
million hectares (ha)] of the United States, whereas in the southern United States forests
11

cover almost 50% of the land area (108 million ha) (Howell et al., 2012; Oswalt & Smith,
2014). In 2012, approximately 117 million dry metric tons (DMT) of biomass (i.e.,
fuelwood, mill residues, pulping liquors, and municipal solid wastes) were extracted from
forests in the United States (U.S. Department of Energy, 2011) and results indicated a
potential for extracting an additional 88 million DMT. The 2011 billion-ton study update
confirmed that 907 million DMT (one billion U.S. dry tons) of biomass were available
for energy production from agricultural and forest lands in the United States, and
indicated that this quantity could potentially replace 30% of national petroleum
consumption (U.S. Department of Energy, 2011). Utilization of woody residues (e.g.,
logging and mill residues) alone is projected to account for 18 to 26% of biomass used
for bioenergy production by 2031 (Abt & Abt, 2013). Therefore, improved woody
residue utilization can have a substantial impact on increasing bioenergy production
levels in the United States.
Woody residues such as forest products industry processing residues (i.e., mill
residues), logging residues, urban wood waste, and municipal solid waste are important
sources of woody biomass that can be used for bioenergy production (U.S. Department of
Energy, 2011; Joshi et al. 2014; Joshi et al. 2015). Currently, only 1.5% of mill residues
are not utilized (U.S. Department of Energy, 2011) and, therefore, forest products
manufacturers need additional sources of woody feedstocks to further increase bioenergy
production. Furthermore, a substantial quantity of mill residues is utilized for purposes
other than bioenergy, such as mulching and animal bedding, and it can be argued that this
portion of mill residues could also be available for bioenergy production if cost savings
for the mill can be demonstrated. While urban woody waste was identified as a
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potentially less costly source of woody biomass, available quantities were not sufficient
to serve as a single feedstock for producing bioenergy (Joshi et al., 2015). Logging
residues, on the other hand, were the least utilized resource. Logging residues refer to a
forest biomass left after logging operations at the harvest site and include low-quality
trees, dead wood, non-commercial trees, and coarse woody debris (Riffell et al., 2011).
Gan and Smith (2006) estimated, based on 1997 Forest Inventory and Analysis (FIA)
National Program data, that 36.2 million DMT of logging residues from growing stocks
was potentially available in the United States. This quantity of logging residues has a
potential to generate 67.5 terawatts per hour (TWh) of electricity and displace 17.6
million tons of CO2 emissions if used instead of fossil fuels (Gan & Smith, 2006). Almost
half of available logging residues (16.5 million DMT) were located in the southern
United States (Gan & Smith, 2006) which indicated that forests in southern region would
play a major role in supplying bioenergy feedstock based on logging residues. According
to the billion-ton study update, 47 DMT of logging residues was available at US$40 per
DMT in the United States in 2010 (U.S. Department of Energy 2011).
The southern United States has a well-defined and established industrial forestry
practices and operations, and the region’s wood supply chain is well suited for logging
residue recovery and utilization (Conrad et al., 2010). The southern United States forest
products industry is also recognized as one of the 25 largest industrial clusters in the
nation (Porter, 1998; Aguilar et al., 2009). Industry clusters are comprised of companies
located in a specific geographic location due to similar needs for production inputs,
availability of qualified labor, and access to technology (Porter, 1998). Primary forest
products manufacturers (mills) consist of processing facilities classified under codes 312
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and 322 of the North American Industry Classification System (NAICS) and manufacture
their products directly using raw material from forests (Aguilar et al., 2009). Examples
include sawmills and pulp mills producing lumber and pulp, respectively. Historically,
forest products industry has utilized woody residues to produce electricity, heat,
biodiesel, and extract chemicals for their own use and sale (Guo et al., 2007; Aguilar et
al., 2011). In the United States, utilization of woody biomass by the forest products
industry for bioenergy purposes has been increasing. For example, wood pellet
production for fuel purposes increased by 25% during 2005-2007 (Conrad & Bolding,
2011) and has been continuing to increase (Dwivedi et al., 2016). Almost all pellets
produced in the southern United States are exported to Belgium, Germany, and United
Kingdom that use woody pellets to meet their CO2 emission reduction targets and limit
coal use in electricity production (Dwivedi et al., 2016). A limited availability of
unutilized mill residues (U.S. Department of Energy, 2011), increasing forestry land use
(Conrad et al., 2011), increasing forest productivity (Smidt et al., 2012), and growing
pellet markets (Conrad et al., 2011; Johnston & van Kooten, 2014) will most likely result
in increased availability and potentially greater demand for logging residues as a
feedstock for bioenergy production. However, while ample research has been conducted
on the utilization of woody residues for bioenergy purposes in general, information on
industry specific utilization rates of woody residues and viability of utilizing additional
logging residues to produce electricity by existing mills is limited.
The study objective was to address a research gap on the current utilization of
woody residues for bioenergy by primary forest product manufacturers by conducting an
exploratory analysis of mill processing capacities, mill residue utilization, and disposal,
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mill willingness to utilize additional logging residues, and factors limiting utilization of
logging residues. Study results will be helpful in assessing the viability of producing
bioenergy from mill and logging residues, analyzing investment decisions related to
upgrading and constructing new infrastructure for bioenergy production, and formulating
new policies facilitating production of wood-based energy. Study results are applicable
not only to the southern United States but also to other regions with abundant forest
resources.
2.3

Study Area
The study was conducted in 12 states in the southern United States as identified

by the USDA Forest Service Southern Research Station and included Alabama,
Arkansas, Florida, Georgia, Kentucky, Louisiana, Mississippi, North Carolina,
Oklahoma, South Carolina, Tennessee, and Virginia (Figure 2.1). Forests in the southern
United States cover almost 50% of land area (Howell et al., 2012; Oswalt & Smith, 2014)
and account for approximately 50% of timber growth [376 million cubic meters (m3)] and
removal (275 million m3) in the entire United States excluding Alaska and Hawaii
(USDA National Agricultural Statistics Service, 2012). In general, one GMT of logging
residues was available for every five GMTs of harvested timber in the region (PerezVerdin et al., 2009). In 2007, a total of 127.43 million m3 of logging residues were
extracted from forests in the southern United States (USDA National Agricultural
Statistics Service, 2012).
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Figure 2.1

2.4
2.4.1

Study area in the southern United States for determining the utilization of
woody residues by primary forest products manufacturers based on a mail
survey conducted in 2012.

Materials and Methods
Data Source
A census survey was conducted in 2012 to collect data on woody residue

utilization by primary forest products manufacturers in the southern United States, as
well as to estimate the potential for increasing utilization of logging residues for
electricity production. Experts in the Department of Forestry at Mississippi State
University reviewed the survey questionnaire and their feedback was used to calibrate the
questions. Information on forest products manufacturer type and mailing addresses were
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obtained from USDA Forest Service Southern Research Station (Prestemon et al., 2010).
The survey questionnaire was mailed to 2,138 manufacturing facilities consisting of
1,786 sawmills; 99 pulp, paper, and paperboard mills; 83 post and pole mills; 107 veneer
and plywood mills; 19 composite wood products mills; and 44 other forest products mills.
The survey followed a Tailored Design Method developed by Dillman (2009) and
involved four mail contacts: an introductory letter, a letter with a survey questionnaire,
and additional two follow-up letters with questionnaires sent to non-respondents. The
letter was addressed to the plant manager, but it possible that the completion of the
questionnaire was delegated to one of the employees. The survey collected data on mill
attributes related to mill capacity to process mill and logging residues, procurement
attributes representing logging residue gate prices and hauling distances, and attributes
designating equipment and cost factors limiting utilization of additional logging residues
(refer to Appendix A for a copy of a survey questionnaire).
2.4.2

Data Analysis
The study hypothesis was that mill processing capacity and mill manufacturing

profile (i.e., mill type) were associated with different woody residue utilization rates,
willingness to utilize additional logging residues, willingness-to-pay (WTP) for logging
residues at the gate, and logging residue hauling distances. A preliminary analysis
involved calculating means, medians, and standard deviations for the mill, procurement,
and limiting factor attributes identified in Table 2.1.
Forest products manufacturers were classified into 59 processing capacity groups
at an interval of 1,000 green metric tons (GMT) (1 GMT = 1.10231 green US tons).
Seven types of primary forest product manufacturers were identified following a
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classification reported by USDA Southern Research Station and included the following
production profiles: composite wood products; veneer; plywood; sawmill; post and pole;
pulp, paper and paperboard; and other forest products manufacturers. A Kruskal-Wallis
(K-W) test was used to determine if there were significant differences in the mill,
procurement, and limiting factor attributes between varying processing capacity
categories and mill types. The K-W test is a one-way analysis of variance by ranks,
which was used to test the null hypothesis that observations in each mill capacity and mill
type category were identically distributed (Daniel, 1978; Elliott & Hynan, 2011). A K-W
test statistic (H) was calculated in the following way:
12

H = [( 𝑁(𝑁+1) ∑𝑘𝑖−1 𝑅𝑖2 ) / ni] – 3(N+1)

(2.1)

where, N is the total number of mills which returned useable questionnaires, ni is sample
size in ith mill capacity or manufacturer type category, and Ri is the rank sum of the ith
category.
To ensure that test parameters were precisely estimated and inferences were
correct, a Kolmogorov-Smirnov (K-S) one sample goodness-of-fit test was used first to
determine if the data for each tested attribute had a normal distribution (Daniel, 1978).
The K-S test is based on the maximum distance between a normal and the fitted curve of
a tested attribute. A test statistic (D) for a two-sided test was calculated and compared
with a K-S critical value to test the null hypothesis of normal distribution:
D = supx│S(x) - F0(x)│

(2.2)

where, S(x) = (n1 ≥ x) / N

(2.3)

where, supx is supremum (least upper bound) overall x’s, n1 is the number of sample
observations less than or equal to x, x is a mill or procurement attribute under
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investigation, N is the total number of mills which returned useable questionnaires. If the
null hypothesis of a normal distribution was rejected, non-parametric tests such as
Wilcoxon-Mann-Whitney (WMW) and K-W tests were used because they are efficient
and are concerned with neither population parameters nor distributions (Daniel, 1978).
2.4.3

Testing for Non-Response Bias
The study used a survey method to collect primary data. Survey data will be

associated with a non-response bias if respondents representing certain groups or values
declined to respond or ignored survey questionnaires. Such situations might limit
representativeness of collected data. To determine if responses obtained from the mail
survey are representative of the study area, three tests were implemented to determine if a
non-response bias was present in survey responses. First, a WMW two-sample test, as
specified in Equation 2.4, was used to measure if there were significant differences in
data distribution for each attribute between first and last 50 respondents (approximately
20% of total responses). The usual practice of conducting a non-response bias test is to
conduct a follow-up telephone survey with a group of non-respondents and compare their
responses with those who responded (Hudson et al., 2004). In this study, the last 50
questionnaires were treated as a proxy for mills that did not return their questionnaires.
Other studies such as those by Armstrong and Overton (1977), Joshi et al. (2014), and
Khanal et.al. (2016) also used this approach in testing for a non-response bias. Second,
the WMW test was used to determine if there were differences in a proportion of survey
questionnaires received from each state compared to a proportion of questionnaires sent
to a respective state. Third, the WMW test was conducted to identify differences in a
proportion of questionnaires received from each manufacturer type compared to a
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proportion of questionnaires sent to a respective manufacturer type. The WMW test
statistics (T) were calculated as follows (Daniel, 1978):
T = S – (n1 (n1 - 1) / 2)

(2.4)

and, because a sample size was larger than 10, the central limit theorem applied and a
standard normal statistics (Z) were calculated:
Z = [T ± 0.5 – (𝑛1 (N+1))/2)] / [ √(𝑛1 𝑛2 (𝑁 + 1) / 12]

(2.5)

and, Z = – Z1L if [T < 𝑛1 (N+1)/2] or Z = Z1R if [T > 𝑛1 (N+1)/2]

(2.6)

where, S is the sum of ranks assigned to sample observations from the first 50 responding
mills for each tested attribute, N is the total number of useable survey questionnaires
returned, T is a sum of ranks, and ni is the number of observations for each tested
attribute for the first and last 50 responding mills.
2.4.4

Variable Description
The questionnaire collected data on three groups of attributes: mill, procurement,

and limiting factor attributes (Table 2.1). Mill attributes included a quantity of woody
residues utilized in the mill (UTILIZE), mill capacity to utilize woody residues to
produce bioenergy (CAPACITY), quantity of disposable mill residues produced at the
mill (DISPOSAL), past (PUPGRADE) and anticipated (FUPGRADE) equipment
upgrades to facilitate electricity production using woody residues, and mill willingness to
utilize additional logging residues to produce electricity (WILLING). Procurement
attributes included a gate price mills were willing to pay for additional logging residues
(GPRICE), actual (AHAUL), and economically feasible (EHAUL) distances to haul
additional logging residues. Limiting attributes included a high transportation cost
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(TCOST), lack of mill storage space (LSTORAGE), lack of proper equipment to handle
logging residues (LEQUIP), lack of a processing capacity (LCAPACITY), and a limited
availability of logging residues (LRESID).
Five variables (UTILIZE, CAPACITY, DISPOSAL, GPRICE, AHAUL, and
EHAUL) were measured on a continuous scale, whereas variables related to equipment
upgrades and willingness to utilize additional logging residues (PUPGRADE,
FUPGRADE, and WILLING) were coded as binary variables using yes or no answers.
Continuous variables were originally measured in English units and, for analysis
purposes, were converted to metric units. Limiting attributes included ordinal variables
originally measured on a Likert scale of one to six, where one and five represented the
least and most important factors limiting utilization of logging residues, respectively, and
six represented unsure responses. Limiting attributes were then reclassified into binary
variables where original Likert scale categories corresponding to moderately important,
important, and very important were recoded as IMPORTANT, whereas original
categories corresponding to unimportant and of little importance were recoded as NOT
IMPORTANT. Unsure responses were removed from further analysis.
2.5

Results
Of 2,138 questionnaires mailed, 258 were returned and found usable for the

analysis. The response rate was 20% after adjusting for 1,040 questionnaires not returned,
131 manufacturers no longer in business, six deceased owners, 60 owners who refused to
take part in the survey, and 643 non-deliverable questionnaires. While this response rate
might seem low, it is comparable with other studies of forest products manufacturers
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conducted by Bruch (1999), Aguliar (2009), Espinoza et. al. (2011), Shivan and PotterWitter (2011), Gruchy et.al. (2012), and Joshi et.al. (2014).
There were no significant differences between early and late responding mills,
suggesting that responding mills were representative of forest products manufacturers in
the southern United States: WILLING (T = 1748, p = 0.1437), CAPACITY (T = 1260, p
= 0.1258), UTILIZE (T = 1636, p = 0.8828), DISPOSAL (T = 1235, p = 0.9415),
PUPGRADE (T = 2048, p = 0.3361), FUPGRADE (T = 2258, p = 0.9815), GPRICE (T
= 46, p = 0.9492), HAUL (T = 32, p = 0.9999), EHAUL (T = 206, p = 0.8789).
Similarly, there was no significant difference in a proportion of questionnaires returned
from each state compared to a proportion of questionnaires sent to a respective state (T =
301663, p = 0.4679) nor was there a significant difference in a proportion of
questionnaires received from each manufacturer type compared to a proportion of
questionnaires sent to a respective manufacturer type (T = 293512, p = 0.8629). Mean
values were substantially higher than median values for several mill and procurement
attributes indicating that data might not have a normal distribution. The null hypothesis of
a normal distribution was rejected for three mill attributes [CAPACITY (D = 0.3600, p <
0.0001), UTILIZE (D = 0.3353, p < 0.0001), and DISPOSAL (D = 0.3286, p < 0.0001)]
and two procurement attributes [GPRICE (D = 0.1787, p < 0.0001) and EHAUL (D =
0.1699, p < 0.0001)]. Therefore, WMW and K-W tests determined if there were
significant differences in mill, procurement, and limiting factor attributes between
different processing capacity categories and manufacturer types.
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PUPGRADE

DISPOSAL

UTILIZE

Variable
CAPACITY

Table 2.1

AHAUL

GPRICE

WILLING

FUPGRADE
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Group
Variable description
N1
Mill attribute Primary forest product manufacturer’s
176
(mill) capacity to utilize wood residues to
produce bioenergy in green metric
tons/month (GMT/m).
Mill attribute Amount of woody residues utilized in the 208
mill in GMT/month.
Mill attribute Amount of woody residues disposed out of 182
the mill in GMT/month.
Mill attribute Mill which upgraded equipment to
228
produce electricity from wood residues, 1
if upgraded, 0 if not.
Mill attribute Consideration of future upgrades to
239
produce electricity from wood residues, 1
if anticipated, 0 if not.
Mill attribute Willingness to utilize additional logging 227
residues to produce electricity, 1 if willing,
0 if not.
Procurement Maximum gate price willing to pay for
34
attribute
additional logging residues in 2012 US$
per green metric ton (GMT).
Procurement Maximum actual hauling distance over
39
attribute
which logging residues were delivered in
kilometers (km).
79

11.58

0.11

0.08

0.02

2,605

3,363

Mean
3,698

72

9.67

0.31

0.26

0.13

5,868

7,908

SD2
10,143

72

14.58

0.00

0.00

0.00

729

777

Median
486

322

34.01

50,439

59,283

Max3
63,170

Descriptive statistics of survey responses and descriptions of variables of 2012 mail survey study of southern forest
product manufacturers in the southern United States.

Procurement Maximum economic hauling distance over 68
attribute
which logging residues can be delivered in
km.
TCOST
Limiting
Importance of high transportation cost in 153
attribute
utilization of additional logging residues, 1
if important, 0 otherwise.
LSTORAGE
Limiting
Importance of lack of storage space in the 153
attribute
utilization of additional logging residues, 1
if important, 0 otherwise.
LEQUIP
Limiting
Importance of lack of equipment to handle 156
attribute
logging residues in the utilization of
additional logging residues, 1 if important,
0 otherwise.
LRESID
Limiting
Importance of limited availability of
145
attribute
logging residues in utilization of additional
logging residues, 1 if important, 0
otherwise.
LCAPACITY Limiting
Importance of lack of processing capacity, 150
attribute
1 if important in utilization of additional
logging residues, 0 otherwise.
LOTHERS
Limiting
Other important factors in the utilization 36
attribute
of additional logging residues; 1 if
important, 0 otherwise.
1
2
N: Number of observations, SD: Standard Deviation, 3Max: Maximum

EHAUL

Table 2.1 (continued)

24

67
0.42
0.47
0.46

0.50

0.43
0.51

93
0.78
0.68
0.70

0.48

0.75
0.53

1.00

1.00

0.00

1.00

1.00

1.00

80

322

Approximately 70% of mills indicated they utilized woody residues for bioenergy
purposes and, on average, they had the capacity to utilize 3,698 GMT/month, whereas the
median capacity was 486 GMT/month. On average, mills utilized 3,363 GMT/month
(median: 777 GMT/month) of woody residues, which consisted of mill residues, logging
residues, and construction and urban wood waste. Of this amount, 73% were mill
residues produced at the mill site or acquired from other facilities, 20% were the logging
residues, and the remaining 7% were urban and construction waste. In terms of mill
residue disposal, approximately 72% of mills sold their residues, 24% reused or recycled
them, and 4% gave them away or sent them to a landfill. Most commonly, woody
residues were used for producing heat (35%), electricity (4%), and other products such as
livestock bedding (9%). A large proportion of mills (52%) did not report information on
residue utilization. Woody residue utilization for electricity production averaged at
14,005 GMT/month (n = 9), which in terms of tonnage was the largest quantity reported
among all residue utilization types (Figure 2.2). Electricity from woody residues
produced by mills satisfied only 7% of their electricity needs. Only one mill reported that
it sold electricity back to the electric grid. A small proportion of mills (2%) has
implemented at least some upgrades to their equipment to facilitate production of
electricity from woody residues. Approximately 8% of mills anticipated such upgrades in
the near future.
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Figure 2.2

Reuse and recycling of mill residues to produce various outputs in southern
U.S. mills in 2012.

Approximately 4% of mills utilized logging residues in addition to mill residues
to produce bioenergy. However, 11% of mills reported that they were willing to utilize
additional logging residues in the future. On average, mills were willing to haul logging
residues over 79 km (median: 72 km) and pay US$11.58/GMT (median: US$14.58/GMT,
2012 dollars) at the gate for logging residues (Table 2.1). On average, mills indicated
they were able to haul logging residues economically over distances up to 93 km
(median: 80 km). However, mills reported a number of limitations that impeded
additional utilization of logging residues. Of six limiting factors, high transportation costs
had the highest average ranking of 3.9 on a 1-5 point Likert scale. A limited processing
capacity, lack of handling equipment, limited storage space, and other factors were
reported as important factors limiting additional utilization of logging residues for
electricity production with average ranking scores of 3.6, 3.5, 3.3, and 3.2, respectively
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(Figure 2.3). Limited availability of logging residues was the least important concern to
mills in terms of additional logging residue utilization (average score of 2.4.). Other
factors reported by mills to limit logging residue utilization included the price of logging
residues, policy regulations concerning biomass utilization and harvesting, investment in
bioenergy equipment, startup costs, and quality of logging residues.

Figure 2.3

Different limiting factors for utilization of additional logging residues to
produce electricity in the southern United States in 2012

measured on a 5-point Likert scale where 1 – unimportant, 2 – of little importance, 3 –
moderately important, 4 – important, and 5 – very important.
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Kurshal Wallis Chi-square statistics (p-value) [df]
Manufacturer Category
Capacity Category
39.04 ( < 0.0001) [6]
37.24 (0.0031) [18]
26.79 (0.0002) [6]
30.62 ( < 0.0001) [6]
78.32 ( < 0.0001) [20]
19.14 (0.0039) [6]
58.36 ( < 0.0001) [17]
19.86 (0.0029) [6]
58.98 ( < 0.0001) [20]
34.76 (0.0101) [19]
13.23 (0.06670) [6]
13.45 (0.0195) [6]
18.09 (0.0060) [6]
16.54 (0.0111) [6]
-

Probability distribution of tested attributes for significance based on different primary forest product manufacturer
(mill) types, and mill capacity to utilize woody residues to produce bioenergy in the southern United States.

WILLING
CAPACITY
UTILIZE
DISPOSAL
PUPGRADE
FUPGRADE
GPRICE
EHAUL
TCOST
LSTORAGE
Note: Insignificant test results were not reported.

Variable

Table 2.2
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CAPACITY

10,064
2
935
1125
32,450
1,193
4,828

N

9
3
9
11
11
191
13

1,946
4,802

39
886
1,103
31,018

9,148

UTILIZE

1,941
4,949

39
916
698
24,410

1,142

DISPOSAL

0.01
0

0
0
0
0.2

0

PUPGRADE

0.07
0.17

0.00
0.11
0.10
0.40

0.67

WILLING

10.09
6.80

0.00
0.00
15.55
22.16

9.23

GPRICE

82
35

.?
64
129
127

148

EHAUL

0.82
1.00

0.50
0.17
0.67
0.88

0.75

TCOST

0.68
1.00

0.00
0.17
0.71
0.88

0.78

LSTORAGE

Averages of variables explaining utilization of woody residues to produce electricity across different primary forest
product manufacturer (mill) types (i.e., manufacturer category) in the southern United States.

Manufacturer
category
Composite
Wood Products
Plywood
Veneer
Post and Pole
Pulp, Paper and
Paperboard
Sawmill
Other Products

Table 2.3
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Forest product manufacturer types differed in terms of several mill attributes
[WILLING (χ2 = 39.04, df = 6, p = 0.0001), CAPACITY (χ2 = 26.79, df = 6, p = 0.002),
UTILIZE (χ2 = 30.62, df =6, p < 0.0001), DISPOSAL (χ2 = 19.13, df = 6, p = 0.0039),
and PUPGRADE (χ2 = 19.66, df = 6, p = 0.0029)], a one procurement attribute [EHAUL
(χ2 = 13.45, df = 6, p = 0.0195)], and two limiting factors attributes: [TCOST (χ2 = 18.09,
df = 6, p = 0.006) and LSTORAGE (χ2.= 16.54, df = 6, p = 0.011)] (Table 2.2).
Approximately 67% of composite wood products; 40% of the pulp, paper, and
paperboard; 11% of veneer; 10% of post and pole and 7% of sawmills were willing to
utilize additional logging residues to produce electricity (Figure 2.4).
Although sawmills were a dominant manufacturer type, they reported the smallest
average processing capacity (1,193 GMT/month). In contrast, pulp, paper, and
paperboard mills had the largest average processing capacity of 32,450 GMT/month
(Figure 2.5). Utilization of woody residues was proportional to mill processing capacity.
Pulp, paper and paperboard mills utilized the largest average tonnage of woody residues
(31,018 GMT/month), whereas plywood manufacturers utilized the smallest quantities (2
GMT/m) (Table 2.5). About 20% of pulp, paper and paperboard mills upgraded their
equipment in the past to utilize woody residues to produce electricity. In contrast, only
1% of sawmills reported such upgrades to their equipment. All other manufacturer types
did not report any past upgrades to produce electricity. There were no significant
differences in gate prices mills were willing to pay for additional logging residues
between different manufacturer types (χ2 = 7.31, df = 6, p = 0.1202).
While there were no significant differences in actual hauling distances between
manufacturer types, there were differences in reported economically feasible distances to
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haul logging residues. Composite wood products and pulp, paper, and paperboard mills
reported the longest economically feasible hauling distances of 148 and 127 km,
respectively (Figure 2.6). In contrast, sawmills and veneer manufacturers reported the
shortest distances at 82 and 64 km, respectively. A substantially larger number of paper,
pulp, and paperboard mills; sawmills; and composite mills reported high transportation
cost and lack of storage space as important factors limiting utilization of additional
logging residues at their processing sites compared to veneer, plywood, and other mills
[TCOST (χ2 = 18.09, df = 6, p = 0.006) and LSTORAGE (χ2 16.54, df = 6, p = 0.011)]
(Table 2.3).

Figure 2.4

Mill willingness to utilize additional logging residues to produce electricity
in different forest product manufacturers in the southern United States in
2012.
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Figure 2.5

Mill capacity to utilize wood residues to produce electricity in different
forest product manufacturers the southern United States in 2012

Figure 2.6

Economically feasible hauling distances in kilometers for utilization of
additional logging residues to produce electricity in different forest product
manufacturers in the southern United States in 2012.

32

1

0.00
0.00
0.17
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.50
0.50
0.00
0.00
0.00
0.00

0.00
0.10
0.25
0.33
0.25
0.00
0.00
0.00
0.00
0.00
0.00
.
0.00
1.00
1.00
0.00
0.00
0.00
0.00
0.00

0.07

FUPGRADE

0.13
0.50
0.17
0.00
0.33
0.00
0.00
0.00
0.00
1.00
.
0.00
0.00
1.00
0.00
.
0.00
0.50
1.00

0.09

WILLING

*

Each capacity category represents 1,000 GMT increment. The capacity groups with no observations have been removed .

58-59

1,473
4,053
4,327
3,719
4,445
4,066
8,734
9,299
3,719
1,361
14,515
94
.
20,865
29,665
.
.
38,510
907

1,468
1,926
3,456
3,924
10,493
5,035
8,734
9,299
11,984
10,886
14,515
12,918
2,495
20,865
25,038
34,473
37,195
38,521
55,338

21
4
6
4
3
2
2
1
1
1
1
1
1
2
2
1
1
2

869

897

119

1-2
2-3
3-4
4-5
5-6
6-7
8-9
9-10
11-12
13-14
14-15
17-18
19-20
20-21
29-30
36-37
45-46
54-55

0-1

DISPOSAL PUPGRADE
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Table 2.4
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Mill capacity had a significant impact on current utilization of woody residues,
willingness to utilize additional logging residues, and willingness to implement
equipment upgrades to facilitate electricity production from logging residues. Mill
attributes [WILLING (χ2 = 37.24, df = 17, p = 0.031), UTILIZE (χ2 = 78.32, df = 19, p <
0.0001), DISPOSAL (χ2 = 58.36, df = 16, p < 0.0001), PUPGRADE (χ2 = 59.98, df = 19,
p < 0.0001), and FUPGRADE (χ2 = 34.76, df = 18, p = 0.0101)], and a procurement
attribute (χ2 = 13.23, df = 7, GPRICE, p = 0.0667) were significantly different for mills
with different capacities to produce bioenergy from woody residues (Table 2.2).
Utilization of woody residues by mills to produce bioenergy increased with a larger
processing capacity (Table 2.4). However, disposal displayed an irregular trend with
respect to processing capacity. Willingness to utilize additional logging residues
improved with an increased capacity to utilize woody residues for bioenergy (Figure 2.7).
Mills with a larger capacity to process woody residues were most interested in
implementing future upgrades to facilitate production of electricity from logging residues
(Figure 2.8). Although many mills with smaller processing capacities were not interested
in the utilization of additional logging residues and did not implement equipment
upgrades to produce electricity from woody residues, there were few that indicated an
interest and anticipated future equipment upgrades to utilize woody residues for
electricity production. The processing capacity had an impact on gate prices mills were
willing to pay. Mills with a processing capacity larger than 1,000 GMT/month were
willing to pay above US$17/GMT (2012 dollars) at the gate for additional logging
residues, whereas mills with capacity smaller than 1,000 GMT/month were willing to pay
only US$7.31/GMT (Figure 2.9). The gate price mills were willing to pay for logging
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residues increased further with an increase in mill processing capacity. The median
processing capacity was below 1,000 GMT/month, which indicated that majority of mills
were willing to pay approximately half the average gate price observed in this study.

Figure 2.7

Mill willingness to utilize additional logging residues to produce electricity
at different capacity categories

(capacity category with no observations was removed).

Figure 2.8

Mill anticipating equipment upgrades to produce electricity in future at
different capacity categories

(the capacity category with no observations has been removed).
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Figure 2.9

Prices in 2012 dollar mills are willing to pay for additional logging residues
to produce electricity at the gate at different capacity categories

(capacity category with no observations was removed)
2.6

Discussion
This study used non-parametric tests to analyze the impact of varying mill

processing capacities and per manufacturer type on woody residue utilization and
willingness to utilize additional logging residues to produce electricity in the southern
United States. An exploratory analysis indicated a gap between mean and median values
for mill processing capacity and woody residue utilization. Median processing capacities
were substantially lower than a mean capacities indicating that most mills had a relatively
low capacity to process woody residues and only a few mills had a relatively large
processing capacity.
Almost 98.5% of mill residues were utilized by mills in some form and, therefore,
there was relatively small quantity of mill residues potentially available for electricity
production (Howell et al., 2005; Nazzaro, 2005; U.S. Department of Energy, 2011; Joshi
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et al., 2014). This highlighted logging residues as a potentially viable feedstock for
producing electricity and other forms of bioenergy in the southern United States (Gan &
Smith, 2006; Perez-Verdin et al., 2008). However, Joshi et al. (2014) reported that 40%
of mills in Mississippi were willing to utilize woody residues differently. Thus, a portion
of mill residues currently used for other purposes can be potentially diverted to bioenergy
production if this substitution would offer greater cost savings.
Utilization of woody residues varied by processing capacity and manufacturer
type. Mills with larger processing capacities were more likely to utilize additional
logging residues to produce electricity. With increased capacity, the use of logging
residues to produce electricity can improve economic feasibility because mills with a
capacity greater than 1,000 GMT/month were willing to pay more than double the gate
price compared to mills with a capacity smaller than 1,000 GMT/month. However,
improving processing capacity can be costly and this can limit future equipment
upgrades. Similarly, some mill types such as composite products and pulp, paper, and
paperboard manufacturers are more likely to utilize additional logging residues to
produce electricity. These types of mills consume large quantities of energy (ICF
International, 2007) and, therefore, have a better potential for producing electricity from
woody residues. However, high transportation costs and lack of storage space for logging
residues at the mill were more important concerns to pulp, paper, paperboard, and
composite wood products manufacturers than to other manufacturers. These mills had
higher capacities and thus their concerns about transportation cost and lack of mill
storage space could further contribute to the limited utilization of additional logging
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residues. Therefore, logistic improvements in procurement and storage for logging
residue can be determining factors for increasing utilization of logging residues.
Utilization of logging residues to produce electricity was limited and results
indicated that only nine of 258 mills used woody residues for electricity production.
While some mill types, such as pulp, paper, and paperboard mills, might be well suited
for the production of its own electricity from woody residues, others would require a
substantial investment to facilitate electricity production. The initial capital cost of
producing electricity from biomass was estimated at US$140-4,260/kWh (2010 dollars),
and the operational costs were US$0.21-0.40/KWh (Federal Energy Management
Program, 2011; IRENA, 2012). However, in 2012 the average price of industrial
electricity was US$0.067/KWh (2014 dollars) (U.S. EIA, 2016). Thus, for many mills,
internal production of electricity might not be competitive when compared with industrial
electricity prices. This might have led to a smaller interest in the utilization of logging
residues for electricity purposes. Further, based on methods employed by Gan and Smith
(2006), the cost of producing electricity from logging residues was estimated at
US$5.40/GMT (2001 dollars) assuming a 50% wood density, 19.19 gigajoules (GJ) per
dry ton (GJ/DMT) (equivalent to 16.5 million Btus per DMT) energy content, and a
production cost of US$0.54 per GJ in a 100 megawatt (MW) plant with 35% efficiency.
Assuming that mills purchase logging residues at the gate price estimated in this study,
the total cost of producing electricity from logging residues would approximately be
US$18/GMT (2012 dollars). This estimate is consistent with the 2011 billion-ton study
update projected by the U.S. Department of Energy (2011) but it does not include capital
and operational costs. However, the estimated cost is 30% more than the maximum
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acceptable delivered cost [US$14.00/GMT (1994 dollars)] estimated for fuel wood when
hauled over more than 60 km in eastern Canada (Puttock, 1995).
Lowering the transportation costs of logging residues can reduce the cost of
producing electricity from logging residues and increase its competitiveness compared to
other energy sources. Harvest and transportation costs can be lowered in several ways.
Some methods involve modifications in the supply chain by bundling, compacting, and
chipping logging residues as well as integrating procurement of logging residues with
higher valued wood products (Johansson et al., 2006; Grushecky et al., 2007; Tyndall et
al., 2011; Wu et al., 2011). While many approaches to improving the competitiveness of
logging residues focused on lowering harvest and transportation costs, there are also
other aspects related to the recovery of logging residues that can improve the overall cost
effectiveness of forest management. For example, a collection of logging residues after
harvest can reduce site preparation costs by US$200 to 250 per ha (2002 dollars (Gan &
Smith, 2007). Thus, some landowners might be willing to sell logging residues at a lower
price or give them away if forest management cost savings can be demonstrated (Nurmi,
2007).
There may be several reasons why a limited number of mills produced bioenergy
from only mill residues and did not utilize additional feedstocks, such as logging
residues, to satisfy their energy needs. A low level of past and anticipated equipment
upgrades to produce electricity from woody residues was likely because most mills
utilized residues as a cost-effective disposal method rather than use for energy
production. In addition, only a few mills (4%) utilized logging residues to produce
bioenergy indicating a limited practice to procure and utilize logging residues for
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electricity production. Additional aspect of limited logging residues procurement is
related to the lack of loggers to harvest and deliver these residues to a mill. It is more
advantageous for a logger to move to the next job involving higher valued products rather
than to extracting and transporting logging residues. Small logging operators might be
more suited for and interested in recovery of logging residues, but their numbers are
relatively limited. As a result, a limited number of mills with high processing capacities
utilized relatively large quantities of logging residues to produce electricity, whereas
most mills with lower capacities relied entirely on mill residues. Therefore, mills with
larger capacities were more likely to utilize logging residues for electricity compared to
mills with smaller processing capacities. Current utilization of woody residues was only
slightly less than the average processing capacity. Therefore, a substantial increase in mill
processing capacity would be needed to produce more electricity from woody residues.
Logging residue prices drive demand and utilization of this feedstock (Gruchy et
al. 2012). The price mills were willing to pay for logging residues at the mill gate were
comparable with prices of pulpwood chips. The price of pine chips was US$9.67/GMT
(US$8.77 per US ton, 2012 dollars), whereas for hardwood chips it was US$8.17/GMT
(US$7.41 per US ton) in the southern United States with a hauling cost of US$0.21/km
(US$0.13/mile) in 2012 (Harris et al. 2012). Another study conducted by the authors
concluded that almost all physically available logging residues were located within a
hauling distance of 56 km (35 miles) Therefore, a gate price of pine chips hauled to the
mill over a 60 km distance (about 38 miles) would be US$12.60/GMT which is just
slightly above the gate price of logging residues (US$11.58/GMT) mills were willing to
pay. Logging residues were typically delivered as chips and, therefore, the economic
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feasibility is comparable with pulpwood chips. This price of logging residues can
potentially create market competition for wood chips to produce energy and pulp and
thus lead to higher prices.
Numerous complementary outreach and policy tools that could be used by
industry and academia might be needed to help facilitate an increased recovery and
utilization of logging residues. Outreach efforts should be designed to help landowners,
logging contractors, and mills reduce the cost of procuring logging residues. These efforts
can focus on direct contact with these stakeholders to demonstrate forest management
cost savings as well as identify more effective harvest systems. Policy tools developed by
state and federal governments can focus on aspects needed to facilitate technology
changes to utilize logging residues. These can include funding programs at the state and
federal levels to help mills secure subsidies and low-interest rate loans, provide startup
incentives, and offer tax incentives for wood-based energy producers.
2.7

Conclusions
This explanatory study was designed to examine variation and patterns in

different mill characteristics, procurement attributes, and limiting factors in the utilization
of mill and logging residues. In addition, this research effort also identified factors
affecting utilization of logging residues to produce electricity. The study complements
previous studies on utilization of woody residues to produce bioenergy and electricity in
the southern United States and highlights the effects of processing capacity and
manufacturer type on utilization. Results indicated an established practice of utilizing
woody residues for producing bioenergy by mills in the southern United States. However,
utilization of woody residues to produce electricity was limited. In addition, utilization of
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woody residues was almost equal to the current processing capacity in the southern
United States, indicating the need for equipment upgrades to increase electricity
production. Increased processing capacity would help increase logging residue utilization
and most likely would lead to improved gate prices of logging residues. In addition to
capacity improvement, specific mill types, such as pulp, paper, paperboard, and
composite products manufacturers, should be targeted to increase the utilization of
logging residues because they are more interested in electricity production and their
infrastructure is better suited for this purpose. Therefore, policy instruments such as
equipment upgrade incentives, low-interest rate loans, tax incentives, and carbon credits
through state and federal policies might be necessary to encourage mills to utilize
additional logging residues to produce electricity.
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CHAPTER III
FACTORS AFFECTING UTILIZATION OF WOODY RESIDUES TO PRODUCE
BIOENERGY IN THE SOUTHERN UNITED STATES
3.1

Abstract
Biomass is the renewable resource with the potential to be substituted for fossil

fuels. Woody residues include woody byproducts such as mill residues, logging residues,
and other woody waste. This study design estimated the impact of a mill processing
capacity to utilize woody residues, willingness to utilize logging residues for electricity
production, equipment upgrades to facilitate electricity production, and different limiting
factors on the current utilization of woody residues to produce bioenergy by primary
forest products manufacturers. Data were collected via a census mail survey of primary
forest products manufacturers in the southern United States. Data were analyzed using a
two-stage least square (2SLS) regression model. Results indicated that average utilization
was 91% of available mill processing capacity. Woody residue utilization increased with
an increase in the processing capacity of woody residues, equipment upgrades, and lower
transportation costs of logging residues. Results also indicated that there were only a few
mills with a large processing capacity to utilize woody residues to produce bioenergy. In
conclusion, woody residue utilization for bioenergy purposes was driven by processing
capacities and upgrades for electricity production. Logging residues utilization was
relatively limited and had less impact on overall woody residues utilization. Findings will
48

help policy makers and mill managers to make informed decisions about biomass
production and utilization, and identify specific mill factors that might help improve the
economic feasibility of using woody biomass for bioenergy purposes.
Keywords: limiting factors, logging residues, mill processing capacity,
transportation costs, two-stage least squares
3.2

Introduction
In 2012, the United States produced 8% of its energy from renewable sources and

approximately 50% of renewable energy was produced from biomass (U.S. EIA, 2014).
Bioenergy is produced utilizing biomass through direct combustion and gasification
processes to produce heat and electricity and extraction of liquid fuels and chemicals
(Conrad & Bolding, 2011; Dargusch et al., 2011; Ruth et al., 2013). Utilization of
biomass for bioenergy is considered carbon neutral, and biomass is one of the largest
renewable carbon resources that can be substituted for fossil fuels (Dhillon & von
Wuehlisch, 2013). Hall (1991) reported that 600 million hectares (ha) of biomass
plantations having an average yield of 12 dry metric tons (DMT) per ha/yr could offset
50% of carbon dioxide (CO2) emissions by 2050. A study done by U.S. Department of
Energy called the billion-ton update of 2011, estimated that 907 million metric DT (one
billion U.S. dry tons) of biomass were available in the United States and could potentially
replace 30% of national petroleum consumption (U.S. Department of Energy, 2011). Gan
and Smith (2006) estimated that recoverable logging residues in the United States,
biomass left in the forest that does not qualify for commercial wood products, could
displace 17.6 million tons of CO2. Therefore, utilization of woody biomass for bioenergy
purposes can help lower usage of fossil fuels and reduce CO2 emissions.
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In general, biomass includes all water and land-based organisms, vegetation, and
trees; municipal solid waste, sewage, and animal waste; forestry and agricultural residues,
and certain types of industrial waste such as mill residues (Dhillon & von Wuehlisch,
2013). Woody biomass or lignocellulosic biomass can be classified into four categories:
forest residues, short-rotation woody crops (SRWC), agricultural biomass, and all grass
energy crops such as switchgrass (Ruth et al., 2013). According to the billion-ton update
study, 117 million DMT of forest biomass and 77 million DMT of agricultural biomass
was utilized in 2010, and these quantities were projected to increase to 205 and 93
million DMT by 2030, respectively (U.S. Department of Energy, 2011). Skog et al.
(2013) estimated that from 75 to 115 million DMT of forest biomass could be supplied
from all forestlands in the United States. A substantially large quantity of woody biomass
is potentially available in the United States as a source of renewable energy.
Approximately 50% (87 million DMT/year) of the biomass energy consumption
was contributed by woody residues and pulping liquors from the primary and secondary
wood processing facilities (Perlack et al., 2005). By 2031, utilization of woody residues
is expected to account for18 to 36% for bioenergy production (Abt & Abt, 2013). Woody
residues are a byproduct or waste produced during logging, production, and consumption
of forest products and include mill residues, logging residues, and other woody waste
with high lignocellulosic content. Mill residues are residues produced as a byproduct
during manufacturing activities at a mill such as the production of lumber, pulp, veneer,
and plywood (Perez-Verdin et al., 2009). Logging residues are the commercially
unwanted woody materials left at the logging site and include forest residues, coarse
woody debris (down wood and standing snags), and fine woody debris (Riffell et al.,
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2011). Other woody wastes such as construction wood waste, urban wood waste, and
solid waste are byproducts of construction activities and human consumption (Joshi et al.,
2015). Urban wood waste was not available in sufficiently large quantities to serve as a
single feedstock for producing bioenergy although they were identified as a potential
source (Joshi et al., 2015). Among all types of woody residues, mill residues are the least
costly fiber residues to produce bioenergy at a mill because they are produced at the mill
or obtained from nearby mills, which avoids transportation costs or lowers them
substantially (Joshi et al., 2014). It is logistically easier and financially less costly to trade
or give away mill residues to nearby mills as compared to procuring logging residues or
urban woody waste (Joshi et al., 2014). However, the billion-ton update study reported
that about 98.5% of mill residues were utilized for bioenergy and non-bioenergy purposes
such as animal bedding and mulch (U.S. Department of Energy, 2011). On the other
hand, some studies indicated that a substantial quantity of mill residues was sold, and this
quantity could potentially be diverted to bioenergy production if there was a cost
advantage (Garrard & Leightley, 2005). Therefore, it is possible that mills will first
utilize mill residues used for purposes other than bioenergy before considering other
forms of residues as an alternative feedstock.
While mill residues were already being used for bioenergy and other purposes,
logging residues had been advocated as a potential alternative feedstock that can be
utilized to produce bioenergy (Galik et al., 2009). Substantial quantities of logging
residues are typically left unused on harvest sites after logging operations increasing the
likelihood of fire, pest outbreaks, and diseases (Evans et al., 2013). On the other hand,
logging offer many benefits such maintaining soil productivity (Evans et al., 2013; Gan,
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2007; Johnson et al., 2012) as well as provide habitat for species such as small mammals,
birds, and arthropods, and maintain soil hydrology through regulated evaporation,
transpiration, and runoff control (Abbas et al., 2011). Studies have shown, however, that
a certain portion of logging residues (from 30 to 70%) can be removed for bioenergy
purposes without affecting the soil productivity (U.S. Department of Energy, 2011; Evans
et al., 2013). Forest certification can be used to ensure that best forest management
practices include leaving a sufficient quantity of logging residues on a harvest site to
maintain soil productivity and provide other benefits (Dargusch et al., 2011).
In Mississippi, for every five green metric tons (GMT) of timber removal, one
GMT of logging residues was left at a harvest site (Perez-Verdin et al., 2009).
Nationwide, the quantity of recoverable logging residues was approximately 36.2 million
DMT and this amount of residues has a potential of generating 67.5 terawatts per hour of
electricity (Gan & Smith, 2006). In addition, logging residues are less costly than SRWCs
and other energy crops (Cook & Beyea, 2000). Based on these statistics, it seems that
utilization of additional logging residues might play an important role in woody
bioenergy expansion.
It should be noted that utilization of logging residues as a bioenergy feedstock is
restricted by high delivery costs that include price paid to the owner, transportation costs,
and logger charges (Perez-Verdin et al., 2009). Although, logging residues are widely
available and have been promoted as an energy feedstock, mills utilized logging residues
in small quantities because their recovery and transportation costs were not feasible
(Shabani et al., 2013; Zygarlicke et al., 2015). Furthermore, recovery of higher-value
products might more cost-effective to many logging operators rather than collecting
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logging residues. Logging residues require more space compared to logs and chips for the
same weight to be transported and stored (Tahvanainen & Anttila, 2011; Pasila, 2013).
Thus, infrastructure is necessary to maintain a supply of logging residues, and
accommodate additional space and cost (Wu et al., 2011). Lack of equipment to handle
logging residues is another factor limiting their utilization (Shivan & Potter-Witter,
2011). Most equipment was designed for processing saw logs and pulpwood chips rather
than small-diameter trees and logging residues. Purchasing specialized equipment to
extract, transport, and process logging residues increase costs and reduces its economic
feasibility (Ruiz et al., 2013). In Finland, most logging residues produced after harvesting
spruce stands were not used because of drying and storage problems (Nurmi, 1999). It
may be easier to dry residues in warmer climates such as in the southern United States
but storage is always a concern for mill owners. However, these aspects may not
necessarily limit utilization of logging residues in the southern United States, because the
region has established logging, timber, and pulpwood supply chains (Conrad et al., 2010;
Conrad & Bolding, 2011), has half its land in forest (Alvarez, 2007; Oswalt & Smith,
2014), and hosts large clusters of forest product manufacturers (Aguilar, 2009; Hagadone
& Grala, 2012).
This study was implemented to determine how mill characteristics and limiting
factors for utilizing additional logging residues affected wood residue utilization to
produce bioenergy. Although Gan and Smith (2006) and the billion-ton update study of
U.S. Department of Energy (2011) indicated the availability of logging residues, their
utilization was limited. Therefore, this study has also looked at effects of various limiting
factors on the utilization of additional logging residues to estimate an overall wood
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residue utilization for bioenergy purposes. Results were expected to aid in better
understanding of factors affecting bioenergy production from woody residues and
developing new policies and research related to wood-based bioenergy. Findings will
help decision makers and mill managers identify the factors important to increase woody
residues utilization and make informed decisions related to infrastructure changes needed
to improve utilization woody residues for bioenergy production.
3.3
3.3.1

Methods
Study Area
The study was conducted in 12 states in the southern United States, which

includes Alabama, Arkansas, Florida, Georgia, Kentucky, Louisiana, Mississippi, North
Carolina, Oklahoma, South Carolina, Tennessee, and Virginia (Figure 3.1). The southern
region is considered a wood basket of the United States because forests cover about 33%
328 million ha of United States land area and in the southern region of the country they
cover approximately 50% (108 million ha) of the land area (Howell et al., 2012; Oswalt
& Smith, 2014). The majority of forests in the region are classified as timberlands, which
are capable of producing at least 0.6 cubic meters (m3) of industrial wood per 0.4 ha/yr
(Oswalt & Smith, 2014; Oswalt, 2015). In 2006, the United States Department of
Agriculture (USDA) reported 376.6 million m3 of timber growth and 178.4 million m3 of
timber removal in the southern United States, compared to 756.1 million m3 of timber
growth, and 438.9 million m3 of timber removal nationwide (USDA National
Agricultural Statistics Service, 2012). Most forestland holdings (95%) were in
nonindustrial private land ownerships in the southern United States (Oswalt & Smith,
2014). Forestry was also one of the major industries for the southern United States’
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regional economy, which provided 470,000 individual jobs and produced U.S.$133
billion in gross output in 2009 (Dahal et al., 2015; Poudel et al., 2016). A forest products
supply chain in the region is well-established and includes large clusters of forest
products manufacturers, logging contractors, and abundant woody biomass feedstock
which can be used not only for traditional wood products manufacturing but also for
bioenergy production (Conrad et al., 2010; Hagadone & Grala, 2010; Gonzalez et al.,
2011). Approximately 16.5 million DMT of logging residues was viewed as recoverable
from the study area (Gan & Smith, 2006).

Figure 3.1

Study area in the southern United States for determining the utilization of
woody residues for bioenergy production based on a 2012 mail survey of
primary forest products manufacturers.
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3.3.2

Data Source
A census mail survey was conducted to collect data on woody residue utilization

from all 2,138 primary forest products manufacturers in 12 of the southern United States.
Forest products manufacturer mailing addresses were obtained from a database
maintained by USDA Forest Service Southern Research Station (Prestemon et al., 2010).
The survey was implemented following Dillman’s Tailored Design Method and consisted
of four mail contacts: an introductory letter, a letter with a survey questionnaire, and two
additional follow-up letters with questionnaires sent to non-responding mills (Dillman et.
al., 2009). The survey questionnaire collected data related to existing capacity to process
woody residues for bioenergy, woody residue utilization rates, mill willingness to utilize
additional quantities of logging residues to produce electricity, logging residue gate
prices and hauling distances, and factors limiting utilization of additional logging residue
quantities.
3.3.2.1

Non-response bias test
A non-response bias test was conducted to detect potential differences between

first and last 50 responding mills in terms of mill characteristics. The last 50 mills served
as a proxy for non-responding mills. Additional tests were conducted to compare a
proportion of questionnaires returned from each state with a proportion of questionnaires
sent to a respective state and proportion of questionnaires received from each
manufacturer type with a proportion of questionnaires sent to a respective manufacturer
type. A Wilcoxon-Mann-Whitney two-sample (WMW) test was used to determine if a
non-response bias was present in data. This non-parametric test was selected because it
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produces consistent and efficient estimators when the distribution of the observed data is
not known (Daniel, 1978).
3.3.3

Model Specification
An ordinary least square (OLS) regression model was first constructed to quantify

the relationship of woody residue utilization by a mill to produce bioenergy with mill
profile characteristics and factors limiting residue utilization. A general model was
expressed as a linear function of selected explanatory variables (X) as specified in
Equation 3.1 (Heij et al., 2004; Greene, 2008; Gujarati & Porter, 2008):
yi = Xβ + ɛ

(3.1)

where yi indicates a dependent variable representing utilization of woody residues,
including both mill residues produced at a mill site and logging residues recovered from a
harvest site, X represents selected mill characteristics and utilization limiting factors, β
stands for parameter estimates, and ɛ is the error term. The dependent variable,
representing a current utilization rate of woody residues (UTILIZE) and one of the
independent variables, representing a mill capacity to process woody residues
(CAPACITY), were suspected of having a causal relationship with each other because a
processing capacity to utilize woody residues to produce bioenergy is one of the major
factors affecting actual utilization rates for woody residues (Delmas & Montes-Sancho,
2011; Radhakrishnan et al., 2013). Such a relationship usually generates endogeneity in
an OLS model, and the model does not produce consistent estimators following Markov’s
law of the best linear unbiased estimator (BLUE) due to an additional endogenous
component in the error term (Greene, 2008). Therefore, the Hausman endogeneity test
was implemented to test for endogeneity by introducing an instrumental variable (IV) to
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determine if there was any causation between UTILIZE and CAPACITY in the model.
The null hypothesis of Hausman endogeneity test was represented as plim{β2sls ̶ β = 0}
where β, parameter estimates of OLS from Equation 3.1 is consistent and efficient when
compared to β2sls, parameter estimates of two-stage least squares (2SLS) regression from
Equation 3.4 (Greene, 2008). The OLS model was re-specified as in Equation 3.2, where
the error term (ɛ) was replaced with ɛ* + υ, and a significance level of the endogenous
component (υ) was tested.
yi = Xβ + υ + ɛ*

(3.2)

An insignificant parameter estimate of υ indicates an absence of endogeneity, such that ɛ
= ɛ*. However, if the parameter estimate of υ is significant, the model suffers from
endogeneity. The υ was obtained from regressing a mill processing capacity on all
independent variables in the OLS model including an instrumental variable, DISPOSAL,
as specified in Equation 3.3. DISPOSAL is the amount of mill residues or woody waste
generated as a byproduct on a mill site and/or disposed of by reusing, selling, giving
away, or landfilling. This study determined that approximately 95% of woody residues
used in the southern United States to produce bioenergy were mill residues. Therefore,
the amount of DISPOSAL could be related to available processing capacity to produce
bioenergy. The 2SLS model with two simultaneous equations was developed to address
the endogeneity problem in the model. A model, 1st stage OLS regression, was developed
where DISPOSAL (Z) served as an instrumental variable along with other exogenous
variables to estimate the mill capacity to process woody residues as specified in Equation
3.3 (Greene, 2008). The R-squared of this model was observed to determine how the
selected instrumental variable performed. The predicted capacity to process woody
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residues (X̑)* from Equation 3.3 was then used as an explanatory variable in the 2nd stage
IV regression model instead of the observed capacity, as specified in Equation 3.4, to
mitigate the endogeneity problem in the model.
1st stage OLS regression:
X̑* = Zα + Xδ + υ

(3.3)

yi = Xβ2sls + X̑*γ + ɛ*

(3.4)

2nd stage IV regression:

where X represents all exogenous independent variables with a row of a constant; Z is an
instrumental variable (IV) represented by DISPOSAL; X̑* is a predicted CAPACITY to
correct for endogeneity in the model; β2sls, α, δ, and γ represent parameter estimates; and,
ɛ* and υ are the error terms (Greene, 2008). In addition, the Hausman specification test
was conducted to identify consistent parameter estimators between OLS and 2SLS
models as specified in Equation 3.5. Under the null hypothesis of the Hausman
specification test, β2sls are consistent estimators (i.e., plim{Xʹɛ /n 0}) (Greene, 2008).
H = dʹ {Estimated asymptotic variance of d} d

(3.5)

= dʹ [ (X̑*ʹX̑*)-1 – (XʹX)-1]-1 d / s2

(3.6)

and, d = (XʹX)-1 Xʹɛ

(3.7)

where s2 is the variance estimator of the variance in Equation 3.1. The 2SLS is the most
common method for estimating simultaneous equations using instrumental variable to
correct for endogeneity and produces the most consistent estimators if 2SLS errors that
do not have heteroskedasticity or autocorrelation (Greene, 2008). To ensure consistency
and efficiency of parameter estimates in all models, heteroscedasticity consistent error
(HCSE) or robust errors were used for hypothesis testing. In addition, multicollinearity
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was tested using variance inflation factor (VIF), whereas serial autocorrelation in the
errors was tested using the Durbin-Watson (DW) test.
3.4

Model and variable definitions
A dependent variable representing a utilization rate of woody residues

(UTILIZE), to a large extent, is affected by mill processing capacity (Delmas & MontesSancho, 2011; Radhakrishnan et al., 2013). However, an actual utilization of woody
residues can be smaller than available processing capacity due to other factors such as the
price of woody residues, transportation costs (Gruchy et al., 2012), lack of storage space
(Nurmi, 1999), lack of equipment to handle woody residues (Shivan & Potter-Witter,
2011), and availability of woody residues (Galik et al., 2009). Therefore, independent
variables used to model UTILIZE included a mill capacity to process woody residues to
produce bioenergy (CAPACITY); an amount of mill residues or wood waste generated
on a mill site as a byproduct and/or disposed of by reusing, selling, giving away, or
landfilling (DISPOSAL); past equipment upgrades to produce electricity (PUPGRADE);
anticipated future equipment upgrades to produce electricity (FUPGRADE); and mill
willingness to utilize additional logging residues to produce electricity (WILLING).
PUPGRADE, while not necessarily related to a processing capacity, increases mill ability
to produce bioenergy from residues and, thus, impacts a woody residue utilization rate
(Perez-Verdin et al., 2009; Radhakrishnan, 2012). If utilization of woody residues for
bioenergy production is limited by a processing capacity or deficiency in the
infrastructure necessary to produce bioenergy, mills might decide to upgrade their
equipment to facilitate increased bioenergy production. The importance of FUPGRADE
to mills can indicate that current capacity to produce bioenergy limits woody residue
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utilization. Official statistics indicate that only 1.5% of the mill residues were not utilized
(U.S. Department of Energy, 2011). Thus, a procurement of additional woody feedstocks,
such as mill residues from other facilities and logging residues from harvest sites, might
be necessary to increase utilization of woody residues in the mill. Mill willingness to
utilize additional logging residues was a key issue in their utilization because it involves
additional costs and requires specialized equipment to handle logging residues (Shivan &
Potter-Witter, 2011). Therefore, it was assumed that WILLING would increase UTILIZE
because mills would procure additional logging residues to produce bioenergy if this
activity was cost effective (Smidt et al., 2012). However, it is also possible that a mill
would first utilize its own residues currently diverted to uses other than bioenergy
production because they are already available and their recovery and processing would be
less costly than a procurement of logging residues.
There are numerous challenging aspects in logging residue utilization as a
feedstock for bioenergy production. High transportation costs (TCOST) to procure
logging residues had been reported as an important factor limiting its utilization
(Grushecky et al., 2007; U.S. Department of Energy, 2011). For example, Perez-Verdin
et al., (2009) quantified that transportation cost accounted for 41% of woody biomass
feedstock recovery cost, whereas harvest and stumpage accounted only for 22% and 15%,
respectively. Similarly, lack of, or limited storage space (LSTORAGE), often limits mill
ability for processing logging residues (Nurmi, 1999). Another limitation relates to a lack
of specialized equipment (LEQUIP) necessary to handle and process logging residues.
These are the equipment that is different from a conventional equipment used by mills,
and often mills lack or do not have in sufficient quantities (Shivan & Potter-Witter,
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2011). Other studies reported that availability of logging residues (LRESID) might be an
important concern for mills interested in electricity production or other forms of
bioenergy (Galik et al., 2009).
The final empirical model for utilization of woody residues for bioenergy
production was specified as a vector of mill production profile characteristics and factors
limiting utilization (Equation 3.8):
UTILIZE = f (CAPACITY, PUPGRADE, FUPGRADE, WILLING, TCOST, LSTORAGE, LEQUIP, LRESID)

(3.8)

where the square of independent variable, CAPACITY, was included along with
CAPACITY to allow for a direction of a quadratic relationship because UTILIZE might
not change linearly with varying CAPACITY. The analysis was carried out in SAS 9.4
software.
3.5
3.5.1

Results
Descriptive results
In total, 258 usable mail questionnaires were returned by mills resulting in an

adjusted response rate of 19.78%. Other studies using a survey approach in the southern
United States received comparable response rates (Joshi et al., 2014; Khanal et al., 2016).
A non-response bias test did not detect any significant difference between early and late
respondents for selected variables (p > 0.10): WILLING, CAPACITY, DISPOSAL,
PUPGRADE, FUPGRADE, GPRICE, HAUL, and EHAUL. Similarly, there were no
differences in a proportion of questionnaires sent to and received from each individual
state (p = 0.4679) and each individual mill type (p = 0.8629).
Approximately 70% of mills indicated they utilized woody residues for bioenergy
purposes. An average mill capacity to process woody residues was 3,698 GMT/month,
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whereas a median capacity was 486 GMT/month. However, on average, mills utilized
3,363 GMT/month (median: 777 GMT/month) of woody residues indicating
approximately 91% usage of their available processing capacity (Table 3.1). On average,
a mill generated and disposed of 2,605 GMT/month (median: 729 GMT/month) of mill
residues and/or wood waste, which was either reused, sold, or sent to other mills or a
landfill. Mills reused woody residues for a variety of purposes including heat production
(35%), electricity production (4%), pellets (3%), chemical extraction (0.01%), and other
purposes (9%). In terms of physical quantities, the largest usage accounted for heat and
electricity production at 2,596 GMT/month (n = 69) and 14,005 GMT (n = 9),
respectively. Although several mills reported using residues for extraction of chemicals,
they did not report quantities. Additionally, mills also used 590 GMT/month (n = 17) of
woody residues for purposes other than bioenergy production such as mulch and
livestock bedding. About 52% of the mills did not report how they utilized their woody
residues.
In terms of implemented equipment upgrades to facilitate bioenergy production,
only a small number of mills (2%) upgraded their equipment to produce electricity,
whereas 8% were planning such upgrades in the near future. Similarly, only a small
proportion of mills, about 11%, indicated that they were interested in utilizing additional
quantities of logging residues for electricity production. These mills were willing to pay
US$11.58/GMT of logging (median: US$14.58/GMT) at the mill gate. Mills also
reported that their average hauling distance for logging residues was 79 kilometers (km)
(median: 72 km) and indicated, that on average, they could economically haul logging
residues over 93 km (median: 80 km).
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Mills reported that utilization of logging residues, as an alternative feedstock for
bioenergy production, was associated with many challenges. Approximately 78% of mills
reported that high transportation costs were the most important factor limiting the
utilization of additional logging residues for electricity production. For 75% of mills, a
lack of a processing capacity was the most limiting factor, whereas a lack of proper
equipment to handle logging residues and a lack of storage space was most limiting for
70 and 68% of mills, respectively. Furthermore, 53% of mills reported other limiting
factors such as a price of logging residues, policy regulations concerning biomass
utilization and harvesting, investment in bioenergy equipment, quality of logging
residues, and economic unfeasibility of logging residue utilization. However, only 48%
of mills reported the availability of logging residues as the most important limiting factor

64

TCOSTd

0.02
0.08
0.11

228
239
227

0.78

2,605

3,363

3,698

Mean

182

208

Importance of high transportation cost in limiting
153
utilization of additional quantities of logging residues: 1 if
important, 0 if not.

Quantity of woody residues and waste generated and
disposed of (sold, reused, or given away) of by a mill
(GMT/month).
PUPGRADE Past equipment upgrades to produce electricity from
woody residues: 1 if mill upgraded equipment in the past,
0 if not.
FUPGRADE Planned future equipment upgrades to produce electricity
from woody residues: 1 if mill planned future upgrades, 0
if not.
WILLING
Willingness to utilize additional quantities of logging
residues to produce electricity: 1 if the mill was willing to
utilize additional logging residues, 0 if not.
b. Limiting factors

DISPOSALa

UTILIZEa

176

CAPACITYa
Mill processing capacity to utilize woody residues to
produce bioenergy (GMT/month).
Quantity of woody residues utilized by a mill
(GMT/month).

N

0.42

0.31

0.26

0.13

5,868

7,908

10,143

SD

1.00

0.00

0.00

0.00

729

777

486

Median

50,439

59,283

63,170

Max

Variables used to determine their association with utilization of woody residues to produce bioenergy based on a
2012 mail survey of primary forest products manufacturers in the southern United States.

Variable name Variable description
a. Mill characteristics

Table 3.1
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Importance of lack of storage space in limiting utilization 153
0.68
0.47
1.00
of additional quantities of logging residues: 1 if important,
0 if not.
d
LEQUIP
Importance of lack of equipment to handle logging
156
0.70
0.46
1.00
residues at a mill in limiting utilization of additional
quantities of logging residues: 1 if important, 0 otherwise.
d
LRESID
Importance of limited availability of logging residues in 145
0.48
0.50
0.00
limiting utilization of additional quantities of logging
residues: 1 if important, 0 otherwise.
LMILLCAPd Importance of lack of a processing capacity at a mill in the 150
0.75
0.43
1.00
utilization of additional quantities of logging residues: 1 if
important, 0 if not.
d
OTHER
Importance of other factors in limiting utilization of
36
0.53
0.51
1.00
additional quantities of logging residues; 1 if important, 0
not.
a
measured in green metric tons per month (GMT/month).
b
measured in US$ per green metric ton (US$/GMT).
c
measured in kilometers (km).
d
Originally measured on a Likert scale from one to six: 1 – unimportant, 2 - of little importance, 3 - moderately important, 4 important, 5 - very important, and 6 – unsure. Unsure responses were removed from further analysis. The Likert scale categories
were recoded into a binary variable, in which original categories 3, 4, and 5 were coded as important and 1 and 2 coded as not
important.

LSTORAGEd

Table 3.1 (continued)
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3.5.2

Econometric results
The Hausman endogeneity test indicated that the endogenous part of the error

from the initial OLS regression model, υ, was different from zero (n = 61, t = 0.26983,
HCSE = 0.13209, p = 0.046) indicating the presence of endogeneity in OLS estimations.
The endogeneity confirmed the causality between CAPACITY and UTILIZE.
Furthermore, the null hypothesis of consistent estimators in the OLS model failed to be
rejected by the Hausman specification test (n = 71, H = 4.73, df = 6, p = 0.5790)
indicating that parameter estimates produced by the 2SLS model were consistent when
compared to OLS. Therefore, to correct for endogeneity and obtain consistent estimators,
the second order 2SLS model was used. R-squared for the 1st stage OLS regression was
69%, indicating that DISPOSAL was a good instrumental variable in explaining
CAPACITY. In addition, 96% of mills used only mill residues to produce bioenergy,
whereas the remaining 4% also used logging residues. This indicated that most of the
available CAPACITY was used to process mill residues rather than other types of woody
residues. Therefore, DISPOSAL was an important factor in explaining available
CAPACITY and was selected to serve as an instrumental variable.
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2.19
1.28
1.30
1.50
1.31
1.55
1.31
2.21

1st stage OLS regression
Estimation of CAPACITY (n = 69)
Coefficient (HCSE1)
VIF2
**
2,664.59 (1122.24)

0.95
0.23
[p = 0.99]

2nd stage IV regression
Estimation of UTILIZE (n = 61)
Coefficient (HCSE1) VIF2
-191.65 (716.12)
0.40** (0.20) 5.71
0.000036*** (0.0000039) 4.50
17,710.00*** (451.67) 3.59
-842.00** (404.43) 1.18
119.19 (414.63) 1.21
-1,389.88*** (548.88) 1.59
398.23 (369.69) 1.24
1,706.67** (721.46) 2.11
-132.15(397.28) 1.37

Two-stage least squares (2SLS) estimation results of factors related to utilization of woody residues to produce
bioenergy by primary forest products manufacturers in the southern United States based on a 2012 mail survey
conducted.

Variable
CONSTANT
CAPACITY
CAPACITY_SQ3
397.61 (1122.24)
PUPGRADE
1,267.37 (1362.98)
FUPGRADE
900.40 (6953.41)
WILLING
1,998.77 (1187.57)
TCOST
302.92 (1242.51)
LSTORAGE
-4,330.53** (1872.27)
LEQUIP
-748.89 (1156.10)
LRESID
DISPOSAL
0.87*** (0.20)
(instrumental variable)
R-squared
0.69
Serial autocorrelation (Durbin-Watson
0.46
First-Order Autocorrelation)
[p = 1.00]
***
p < 0.01, **p < 0.05, *p < 0.10
1
Heteroscedasticity Consistent Standard Error (HCSE).
2
Variance Inflation Factor (VIF).
3
The SQ suffix indicates the quadratic term of the original variable.

Table 3.2
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CAPACITY, PUPGRADE, FUPGRADE, TCOST, and LEQUIP were significant
at a 5% level in explaining the quantity of woody residues utilized by mills to produce
bioenergy (Table 3.2). Overall, the R-squared was 95% indicating a good model fit.
Insignificant serial autocorrelation of the first order (DW = 0.23, p = 0.99) indicated that
the errors were not correlated. VIF were smaller than 10, as reported in Table 3.2, and
indicated a lack of multicollinearity between explanatory variables.
An increase in CAPACITY increased UTILIZE at an increasing rate (p = 0.0480,
p < 0.0001). At a processing capacity of 500 GMT/month, the marginal rate of UTILIZE
was 0.42 GMT/month for one additional GMT of increased CAPACITY. At a processing
capacity of 3,600 GMT/month (an average capacity for all surveyed mills), the marginal
rate of UTILIZE was 0.53 GMT/month, whereas, for a larger mill with a processing
capacity of 15,000 GMT/month, it was 0.94 GMT/month. However, for a mill with a
processing capacity of 65,000 GMT/month, the marginal rate of UTILIZE was
substantially higher at 2.76 GMT/month for one GMT added CAPACITY. PUPGRADE
had a positive relationship with UTILIZE (p = 0.0002). Mills that implemented
equipment upgrades in the past to facilitate electricity production utilized 17,710
GMT/month more woody residues than mills that did not implement any upgrades.
However, FUPGRADE had a negative relationship with UTILIZE (p = 0.0424). Mills
that planned to implement equipment upgrades in the near future utilized 842
GMT/month less woody residues compared to mills that did not plan equipment
upgrades.
The most limiting factor in the utilization of additional quantities of logging
residues, TCOST, had a significant impact on UTILIZE (p = 0.0145). Mills reporting a
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high transportation cost as an important factor limiting utilization of additional logging
residues utilized 1,890 GMT/month less woody residues when compared to mills
reporting this factor as unimportant. However, LEQIP was positively related with woody
residue utilization (p = 0.0218). Mills stating a lack of equipment to handle logging
residues as an important limiting factor utilized 1,707 GMT/month more woody residues
compared to mills for which this factor was unimportant.
3.6

Discussion
The actual average utilization of woody residues (3,363 GMT/month) accounted

for approximately 91% of available average processing capacity (3,698 GMT/month)
indicating that, on average, mills used most of their available processing capacity.
Therefore, additional utilization of woody residues will depend largely on their ability to
increase mill-processing capacity and implement equipment upgrades that will facilitate
handling, processing, and utilizing woody residues. Although 70% of mills reported
utilizing woody residues for bioenergy, approximately 50% of mills utilized woody
residues at levels smaller than 777 GMT/month. There were only a few mills with a
relatively large processing capacity to utilize woody residues. A possible explanation for
this trend it that only large-capacity mills had a suitable infrastructure and equipment to
utilize woody residues at higher levels and thus had the ability to produce bioenergy
(Aguilar et al., 2011; Radhakrishnan et al., 2013). In contrast, small-capacity mills might
face various limitations, such as costly equipment upgrades and limited storage space.
Consequently, for many smaller mills, it might seem more practical to dispose of woody
residues rather than to use them to produce bioenergy.
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The study found that woody residue utilization to produce bioenergy was affected
by a processing capacity to utilize woody residues. An increase in a processing capacity
in a larger mill produced a greater impact on the utilization rate of woody residues than in
mills with a smaller processing capacity. Similarly, a substantially large increase in
processing capacity will also have a much higher utilization rate compared to smaller
upgrades. For Example, large mills such as those with a processing capacity of 65,000
GMT/month, would have a marginal rate of utilization of 276% for additional one GMT
of increased capacity. This might seem counterintuitive because woody residue
utilization cannot be greater than a processing capacity. However, large-capacity mills
are able to start utilizing portions of processing capacity that typically are unused at
small-capacity levels. This is due to equipment efficiency, better infrastructure, and
associated economies of scale that lead to improved utilization of woody residues.
However, the ability to increase overall utilization of woody residues in the region, based
on large-capacity mills, might be limited because there are only a few such mills. The
study does not discourage smaller capacity upgrades because mills may have a limited
supply of internally produced residues, but lack equipment or interest to procure
additional feedstock from outside for bioenergy purposes. Discouraging smaller upgrades
may restrict utilization of internally produced mill residues, which may end up in a
landfill or be used for other purposes. In addition, approximately half of the mills in the
study area utilized woody residues below 777 GMT/month. Therefore, upgrading for
larger processing capacity may seem most effective approach to increase utilization of
woody residues, but smaller capacities can be important in engaging more mills for
woody bioenergy production.
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Mills in the southern United States often are aggregated in specific geographical
areas commonly referred to as forest products industry clusters (Aguilar, 2009; Hagadone
& Grala, 2010). Mills located in industry clusters might be better positioned to utilize
larger quantities of woody residues due to information and technology transfers and
resource pooling within the cluster (Porter, 1998; Aguilar, 2009). First, mills with larger
processing capacities will exhaust their mill residues, which is the least costly feedstock
source because it is already available at a mill site. Once, large mills fully utilize their
mill residues, they will seek additional feedstock sources and possibly increase mill
residues obtained from nearby manufacturers which cannot fully utilize their woody
residues. After all mill residues in a forest industry cluster are utilized, mills might start
procuring logging residues which are abundant in the southern United States but are also
more expensive than mill residues. On the other hand, with continuing technology
advancements and improvements in timber processing, mills will manufacture their
products with better efficiency and generate smaller quantities of mill residues (Hetemäki
et al., 2010; Larsson et al., 2014). Thus, a reduction of disposable mill residues might
also shift demand towards logging residues as an alternative feedstock for bioenergy
production.
Upgrades in a processing capacity and equipment had an impact on the utilization
of woody residues to produce bioenergy. Past upgrades for electricity production were
positively associated with the utilization of woody residues indicating that these upgrades
led to an increased utilization of woody residues. Such upgrades can result not only in an
increased processing capacity but also can increase the efficiency of bioenergy
production at the same processing capacity level. A current utilization of woody residues
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already accounts for approximately 91% of existing mill processing capacity and,
therefore, equipment upgrades to increase processing capacity will be critical in
increasing woody residue utilization for bioenergy purposes. However, results also
indicated that mills planning future upgrades utilized less woody residues compared to
mills not planning any upgrades. A possible explanation for this trend is that mills
planned to implement upgrades because they had available woody residues, but not
enough processing capacity or equipment to utilize them. Thus, these mills were utilizing
only a portion of their woody residues that was not sufficient to fulfill their bioenergy
needs and this resulted in a negative impact of future upgrades on the observed utilization
of woody residues. Equipment upgrades might be costly for a mill to install and operate a
system to produce bioenergy using woody residues. Most of the mills cannot afford such
costs and, therefore, state and federal policies and incentives such as tax breaks,
renewable energy credits, and low-interest rate loans will be needed to encourage mills to
utilize more woody residues for bioenergy production.
Logging residues are being advocated as an alternative feedstock for bioenergy
production in addition to mill residues (Galik et al., 2009). However, compared to mill
residues, utilization of logging residues is associated with many challenges. In this study,
the importance of high transportation costs in limiting additional utilization of logging
residues had a negative association with current utilization of woody residues. This result
is consistent with previous studies. Gan and Smith (2006), Galik et. al. (2009), and Guo
et al. (2013) also indicated that the high transportation cost of logging residues was an
important limitation in their utilization. Perez-Verdin et al. (2009) reported that
harvesting and transporting logging residues from a harvest site to a processing facility
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accounted for two-thirds of the overall cost of producing energy from logging residues.
Furthermore, purchasing specialized equipment to extract, transport, and process logging
residues increase the cost to both logging contractors and mill owners, and thus reduces
logging residue economic viability (Ruiz et al., 2013). Therefore, reducing the cost of
procuring logging residues will be a key component in facilitating additional utilization
of logging residues for production of electricity and other forms of bioenergy.
Results also indicated that lack of equipment to handle logging residues at a mill
had a positive association with current woody residue utilization. Mills which reported a
lack of equipment to handle logging residues as an important limitation of utilizing
additional logging residues utilized substantially higher quantities compared to mills
which did not report a lack of equipment as an important limitation. This might seem
contradictory, as previous studies indicated that a lack of equipment to handle logging
residues was a factor limiting utilization of logging residues (Shivan and Potter-Witter,
2011). An explanation might be that this study collected mill opinions on how important
the lack of equipment was in limiting their utilization of additional logging residues to
produce electricity. However, because only 4% of mills reported utilizing logging
residues in addition to mill residues, it was possible that responses included mills that
never used logging residues and might not be aware of special equipment required to
handle them. On the other hand, logging residues in the southern United States are
usually transported as chips, similar to chips used for pulp production. Pulp, paper, and
paperboard and composite wood products manufacturers, were identified as primary
utilizers of wood chips. Similarly, pulp and paper mills were the major wood-based
energy producers (Aguilar et al., 2011). Therefore, mills utilizing pulp chips are more
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suited for logging residue utilization because they can do so without substantial
modifications to their existing equipment.
Willingness to utilize additional logging residues to produce electricity had no
impact on current utilization of woody residues to produce bioenergy. This result was
unexpected; however, it was suspected that low energy prices, when compared to the cost
of producing electricity from logging residues, has limited their willingness. The cost of
industrial electricity was substantially lower than electricity produced from logging
residues (Gan & Smith, 2006; IRENA, 2012). Similarly, availability of logging residues
was also not significant in determining woody residue utilization to produce bioenergy. A
preliminary spatial analysis on the availability of logging residues completed by the
authors indicated that almost all logging residues in the southern United States could
potentially be recovered within a 56 km (35-mile) procurement zone around each mill.
Survey responses indicated that mills, on average, were already hauling logging residues
over a 72 km (45-mile). This indicates that an actual economically feasible distance for
hauling logging residues was longer and mills did not perceive acquiring logging residues
as a limitation.
Only a limited number of mills had a relatively large processing capacity to utilize
woody residues to produce bioenergy. In addition to the mills, involving bio-power
plants, co-firing power plants, and other bioenergy facilities to utilize wood residues
might improve the utilization and economic feasibility of increasing woody residue
utilization to produce bioenergy. Mills were already utilizing most of their residues, the
additional bioenergy production by these mills is expected to increase demand for other
forms of woody feedstocks such as logging residues. Previous studies have also indicated
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the potential availability of logging residues for bioenergy purposes (Gan & Smith, 2006;
Perez-Verdin et al., 2009). However, mills had not utilized logging residues because of
their economic limitations. Demand for logging residues is only expected to increase if
policies and incentives are implemented to promote the use of logging residue utilization
for energy production (Delmas & Montes-Sancho, 2011).
This study has several limitations. The mail survey collected information about
procurement factors such as gatewood prices and hauling distances; however, the number
of observations on prices and hauling distances was too small to facilitate an analysis and
consequently procurement factors were not included in this study. The inclusion of
procurement factors would produce estimates that were more precise and provide a better
insight on how procurement affected the utilization of woody residues for bioenergy
purposes. In addition to economic feasibility, environmental sustainability of procuring
logging residues for bioenergy is important. Increased utilization of logging residues is
associated with concerns related to soil productivity (Gan, 2007; Johnson et al., 2012;
Evans et al., 2013). The benefit of removing logging residues is associated with nutrient
losses and should be examined before procuring logging residues. Each site has different
physiochemical properties; therefore, it is recommended that site-specific studies be done
to determine the sustainability and environmental consequences of utilizing logging
residues.
3.7

Conclusions
Historically, mills have utilized woody residues to produce bioenergy to substitute

their energy demands. This study estimated the impact of mill production characteristics
and limiting factors to utilize additional logging residues on the utilization rate of woody
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residues for bioenergy. Mill processing capacity was one of the main driving factors for
the utilization of woody residues. Results confirmed a higher utilization rate at larger mill
capacities to process woody residues, indicating capacity upgrades in the larger mill
and/or large capacity upgrades will be more effective. Woody residues utilization was
mostly driven by the available processing capacities and upgrades to produce electricity
in the southern United States. Therefore, biomass policies should focus on helping mills
in increasing processing capacity to utilize residues and installing needed upgrades.
Further research is also recommended to look at different upgrade options for electricity
production, policy and economic incentives for upgrades, and associated cost-benefit
analyses. A limited number of mills utilized logging residues, because high transportation
cost negatively affected its utilization. At present, utilization of logging residues had no
impact on overall woody residues utilization rate. Therefore, it is important to reduce the
cost of transporting logging residues for increased residue-based feedstocks for bioenergy
production. Although logging residues had been advocated as a for bioenergy purposes,
there was not the impact of logging residues utilization on the overall utilization rate of
woody residues. Further research on the economic feasibility of utilizing logging residues
to produce bioenergy in mills will help identify factors facilitating an increased utilization
of woody residues for bioenergy purposes. Furthermore, extending logging residues
utilization to power plants and bioenergy facilities such as co-firing plants, bio-power
plants, and pellet mills can improve their utilization and further research in this area is
recommended.
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CHAPTER IV
WILLINGNESS OF PRIMARY FOREST PRODUCT MANUFACTURERS IN THE
SOUTHERN UNITED STATES TO UTILIZE LOGGING RESIDUES TO
PRODUCE ELECTRICITY.
4.1

Abstract
Renewable energy sources such as logging residues have gained considerable

attention with increasing concerns over energy security, climate change, and
environmental degradation. In 2012, a mail survey was conducted in the southern United
States to examine mill willingness to utilize logging residues for electricity production.
Information was collected on processing capacity, woody residue utilization, willingnessto-pay for logging residues, hauling distances, equipment upgrades, and factors limiting
utilization of additional logging residues to increase electricity production. Data were
examined using comparative and regression analyses. Results indicated that two-thirds of
southern mills utilized woody residues to produce bioenergy; however, only 4% utilized
logging residues. Approximately 11% were willing to utilize additional logging residues
to produce electricity and were willing to pay 2012 US$12 per green metric ton (GMT)
of logging residues at the gate and haul it up to 79 kilometers. Gate price and hauling
distance were greater when mills were willing to utilize additional logging residues.
Utilization of woody residues, the quantity of disposable mill residues, anticipated
equipment upgrades, and a storage space at a mill were significant determinants of mill
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willingness to utilize logging residues. However, transportation cost was not an important
factor for a mill interested in utilizing logging residues. Results were expected to help
better understand the impacts of mill characteristics on the utilization of logging residues
to produce electricity and aid in the development of new policies and research related to
the production of wood-based energy.
Keywords: bioenergy, gate price, hauling distance, willingness to utilize,
willingness-to-pay
4.2

Introduction
Logging residues include branches, low-quality trees, dead wood and non-

commercial trees, small-diameter trees, and coarse woody debris (Riffell et al., 2011).
Logging residues are anything left at the forest harvest site after logging operations. In
many cases, logging residues are piled up and burned for site preparation for next rotation
(Rhoades & Fornwalt, 2015). In other cases, logging residues are left as is, if a forest is to
be naturally regenerated (Thiffault et al., 2011. Excess logging residues left on the forest
floor increase the risk of wildfires, insect, and pest infestation, and unwanted vegetation
growth (Evans & Finkral, 2009; Berger et al., 2013). Land managers and foresters spend
substantial amounts of money on site preparation, herbicide treatments, and pest control
(Nazzaro, 2005). For example, a collection of logging residues after harvest can reduce
site preparation costs by US$200 to 250/hectare (ha) (Gan and Smith, 2007). Wood-based
bioenergy production also increases land expectation values (LEVs) and thus produce
increasing revenues for forest landowners (Shrestha et al., 2015). Thus, some landowners
might be willing to sell logging residues at a lower price or give them away for free if
forest management cost savings can be demonstrated (Nurmi, 2007).
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Previous studies have shown that forest landowners were willing to supply forest
residues for bioenergy production (Joshi & Mehmood, 2011; Gruchy et al., 2012). The
procurement and utilization of logging residues can reduce the cost of growing a healthy
forest and provide feedstocks for electricity production. Logging residues are carbon
neutral and could help displace fossil fuels and reduce carbon dioxide (CO2) emissions to
mitigate climate change. CO2 emission offsets can potentially be reduced to 71-74% in
the United States if wood systems displaced coal systems (Nepal et al., 2015).
The billion-ton update report indicated about 70% of logging residues can be
recovered from forests without affecting soil productivity (U.S. Department of Energy,
2011). Forest sustainability must be a prime concern while procuring logging residues for
electricity production. About one metric ton of logging residues were generated in
Mississippi for every five metric tons of timber harvest (Perez-Verdin et al., 2009).
Availability of logging residues in the southern United States for electricity production
has been extensively studied and results indicated the availability of logging residues as a
feedstock (Gan & Smith, 2006). Gan and Smith (2006) estimated an availability of 36.2
million dry metric tons (DMT) of logging residues in the United States, which could
generate 67.5 terawatts per hour of electricity and displace17.6 million DMT of carbon
emitted from fossil fuels. The billion-ton update report estimated that 43 DMT of logging
residues was available at US$40 per DMT in the United States and availability increased
with a higher price (U.S. Department of Energy, 2011). It has been suggested that
utilization of logging residues can be increased by up to 66% by 2025 with technological
advancements in bioenergy production and woody biomass recovery (Abt & Abt, 2013).
However, research has also suggested that only a small portion of available logging
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residues was being recovered. For example, in 2006 only 4% of the total logging residues
was utilized in the southern United States (Abt & Abt, 2013).
Although logging residues are potentially available as feedstock for electricity
production, economic feasibility has limited its utilization. The procurement of logging
residues is complicated and costly compared to other forest products. Harvesting and
transportation costs account for two-thirds of energy production costs from logging
residues (U.S. Department of Energy, 2011). Transportation cost and haul times are
important components for sustainable and profitable supply and utilization of woody
biomass (Alam et al., 2012). Furthermore, harvesting method, forwarding distance, load
weight, load size, and residue density have large impacts on bioenergy production costeffectiveness (Nurmi, 2007). It has been difficult and costly to transport and utilize
logging residues because of the high transportation costs, limited infrastructure,
processing capacity, and lack of appropriate equipment (Nazzaro, 2005). Costs associated
with logging residues are, therefore, important to understanding the mill willingness to
utilize this resource.
The willingness of existing mills to process logging residues is another important
aspect of logging residue utilization for bioenergy production. In addition, equipment
upgrades are often needed to utilize additional logging residues to produce electricity.
Drying and storage of logging residues is also important in decreasing the cost of
transporting wet residues, which also requires sophisticated heating plants limiting its
utilization (Nurmi, 1999). Equipment upgrades, transportation costs, appropriate
equipment to handle logging residues, and a storage space at a mill impacts mill
willingness to utilize additional logging residues for bioenergy production.
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Although studies have shown the potential availability of logging residues for
bioenergy, in reality, a limited number of mills utilized logging residues to produce
electricity. Similarly, literature on mill behavior towards utilization of logging residues
for electricity generation is limited. Therefore, this study was developed to estimate mill
willingness to utilize additional logging residues to produce electricity based on mill
production profile, procurement, and limiting factors attributes. Results will help
understand and estimate impacts of different factors on the utilization of additional
logging residues to produce electricity. Due to mill and procurement attributes influence
on the utilization rate of logging residue feedstock, findings will also help identify
important factors leading to improvement in the utilization of logging residues. Results
will also provide information to decision makers and mill managers, which will be
helpful facilitating a greater production of logging residues-based electricity in the
southern United States.
4.3
4.3.1

Methods
Study Area
The study area consisted of 12 states in the southern United States and included

Alabama, Arkansas, Florida, Georgia, Kentucky, Louisiana, Mississippi, North Carolina,
Oklahoma, South Carolina, Tennessee, and Virginia. The southern region is considered a
wood basket of the United States because 50% of the land is cover by forests and most
forestland is privately owned (Oswalt & Smith, 2014). United States Department of
Agriculture (USDA) reported 376.6 million m3 of timber growth and 178.4 million m3 of
timber removal in the southern United States (USDA National Agricultural Statistics
Service, 2012), where forestry is one of the important industries for regional economy
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(Poudel et al., 2016). In 2009, the forest products industry in the southern United State
employed 470,000 individuals and produced gross output valued at US$133 billion
(Dahal et al., 2015). Well-established clusters of forest products manufacturers are
present in the region (Hagadone & Grala, 2010) with a supply chain suitable not only for
procurement of wood products (Gonzalez et al., 2011), but also suitable for recovery of
woody feedstocks for biofuel and bioenergy conversion in facilities processing woody
materials (Conrad et al., 2011). In 2007, a total of 127.4 million m3 of logging residues
was extracted from forests in the southern United States (USDA National Agricultural
Statistics Service, 2012); however, research indicated that the region has16.5 million
DMT of logging residues potentially available for recovery (Gan & Smith, 2006).
4.3.2

Data
A census mail survey was implemented in fall 2012 and involved 2,138 primary

forest product manufacturers (mills) in the southern United States. Mailing addresses of
mills were obtained from the USDA Forest Service Southern Research Station
(Prestemon et al., 2010). The survey was designed following Dillman’s Tailored Design
Method and involved four mailings: an introductory letter addressed to a plant manager
and three follow-up letters including a cover letter, questionnaire, and a pre-paid return
envelope (Dillman et al., 2009). For the comparative analysis, a paired t-test was used to
test if there were any significant differences between two groups of mills that were
willing and not willing to utilize additional logging residues to produce electricity.
Non-response bias was tested using a paired t-test and comparing responses in
first and last 50 returned survey questionnaires where the last 50 questionnaires served as
a proxy for non-respondents. In addition, non-response bias was tested by comparing
88

proportions of questionnaires returned from each state and manufacturer type with the
proportion to questionnaires sent to each state and manufacturer type.
4.3.3

Model Specification
An Ordinary Least Square (OLS) regression model was developed to evaluate

willingness of mills in the southern United States to utilize additional logging residues to
produce electricity in relation to the mill, procurement, and limiting characteristics. An
empirical model was constructed, where an observed probability of mill willingness to
utilize additional logging residues to produce electricity was represented as a function of
binary choice (YES or NO) Gujarati & Porter, 2008). The Linear Probability (LP) model
can be expressed by a multiple linear regression between the dependent (yi) and
independent variables (X) as specified in equation 4.1 (Greene, 2008):
yi = Xβ + e

(4.1)

where β represents parameter estimates and e is the error. Binary logit regression was
preferred over the LP model because probability in an LP model is not bounded and
could exceed one, whereas in the logit model it is always between 0 and 1 (Greene,
2008). Estimates from both models were compared. The logit model was a special
transformation of an LP model; therefore, properties of variance and error remained
unchanged, allowing for a test on errors to be carried out on the LP model and extend
assumptions for the logit model (Greene, 2008). The log of odd ratios is linear in
variables as well as parameters in a binary logit regression as specified in equation 4.2
(Heij et al., 2004).
Logit (P(yi = 1)) = Xβ+ ɛ
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(4.2)

where, P(yi = 1) is the probability of binary response to be YES = 1, yi is a dependent
binary variable representing mill willingness to utilize additional quantities of logging
residues to produce electricity (WILLING), X represents a set of independent variables
representing mill characteristics and utilization limiting factors, β stands for parameter
estimates, and ɛ is the error. Unlike the LP model, coefficients of the logit model do not
provide a direct intuitive interpretation of probability because the independent variable is
represented as a log of odd ratios (Greene, 2008). Therefore, marginal effects of
independent variables on the probability of a mill being willing to utilize additional
quantities of logging residues were estimated. In addition, WILLING and utilization of
woody residues for bioenergy (UTILIZE) were suspected to have a causal relationship
with each other because higher utilization was expected to motivate mills to utilize
additional logging residues and higher willingness to utilize will increase utilization of
logging residues as well. To ensure that the model does not suffer from endogeneity, the
causality between WILLING and UTILIZE was tested using the Hausman endogeneity
test, where mill-processing capacity to utilize woody residues for bioenergy
(CAPACITY) was used as an instrumental variable. UTILIZE is a function of
CAPACITY because CAPACITY determines the maximum amount of residues that can
be utilized by the forest products manufacturer (Radhakrishnan et al., 2013); therefore,
CAPACITY served as a good instrument.
To ensure consistency and efficiency of parameter estimates in the LP model,
heteroscedasticity consistent errors (HCSE) were used for hypothesis testing and
compared with standard errors in the binary logit model. In addition, serial
autocorrelation in the errors was tested using Durbin-Watson test. Since, the properties of
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variance and errors in LP models are transferrable to logit models (Greene, 2008), the
absence of serial autocorrelation and endogeneity tested in an LP model will satisfy
required assumptions on errors, and these error properties were generalized for the logit
model.
4.3.4

Model and variable definitions
Mill willingness to utilize additional logging residues (WILLING) is an important

factor to increase electricity production utilizing logging residues by primary forest
products manufacturers. Current utilization of woody residues to produce bioenergy
(UTILIZE) can have an impact on WILLING. Similarly, a higher willingness to utilize
logging residues can also increase their utilization. Therefore, it is necessary to test the
causal relationship between these two variables while developing a regression model. In
addition to UTILIZE, anticipated future upgrades to produce electricity might help
increase mill willingness to utilize additional logging residues if these upgrades help
increase a processing capacity or improve mill ability to produce electricity from logging
residues. However, utilization of logging residues to generate electricity in mills is a
challenge, and many factors limit their utilization.
Some of the important aspects perceived by mills to limit utilization of logging
residues as a feedstock to produce electricity included high transportation cost (TCOST),
lack of storage space (LSTORAGE), lack of equipment to handle logging residues
(LEQUIP), availability of logging residues (LRESID), and limited mill capacity for
processing logging residues (MILLCAP). Perez-Verdin et al., (2009) reported that in
Mississippi transportation cost accounted for 41% of recovering woody biomass
feedstock, harvest cost accounted for 22%, and stumpage price was only 15%. Nurmi
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(1999) reported that a limited storage space for the logging residues limited their
utilization in Norway. Logging residues handling would require different equipment than
those conventionally used in mills (Shivan & Potter-Witter, 2011). Finally, if there is a
scarcity of logging residues, mills would not be interested in their utilization to produce
electricity.
CAPACITY, UTILIZE, and DISPOSAL were continuous variables.
FUPGRADE, and WILLING were binary variables with YES or NO answers. TCOST,
STORAGE, EQUIP, RESID, and MILLCAP were measured on a Likert scale and
reclassified into binary variables with responses coded as important or not important.
Important included original Linkert scale categories corresponding to ‘3-moderately
important,’ ‘4-important,’ and ‘5-very important’ while not important included Linkert
scale categories corresponding to ‘1-unimportant’ and ‘2-of little importance.’
Mill willingness to utilize additional logging residues to produce electricity was a
measure of mill stated preference observed through the discrete choice of a mill being
willing or not to utilize additional logging residues to produce electricity. When modeling
preferences observed through a discrete choice, the utility should be modeled as a random
variable due to model uncertainty associated with incomplete information about mill
willingness such as observation and measurement errors in the model (Joshi and
Mehmood, 2011). A random utility function is commonly used to model incomplete
information such that the error term captures the uncertainty, and parameter estimates
become consistent (Nicholson, 2002). Error terms in the models specified in Equations
3.1 and 3.2 capture uncertainty, allowing the remaining parts to behave as deterministic
components of utility. Therefore, a binary logit regression model as specified in Equation
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3.3 was used to estimate willingness to utilize additional logging residues to produce
electricity in the southern United States.
WILLING = f (UTILIZE, DISPOSAL, FUPGRADE, TCOST, STORAGE, EQUIP, RESID, MILLCAP)

(4.3)

The response for the WILLING was binary, taking the value of “1” if mills
indicated willingness to utilize additional logging residues or “0” otherwise. Unsure
responses were removed from further analysis. Since, properties of variance and errors
from LP Models remain unchanged in the logit model, the LP model was used for
convenience to test error properties. Number of observations on procurement attributes
such as price paid for logging residues at the gate (GPRICE) and the actual distance
logging residues were hauled (AHAUL) were very limited and the number of
observations was as low as 14 when used in the regression model. Therefore, regression
analysis was conducted without these procurement characteristics.
4.4
4.4.1

Results
Descriptive Statistics
Of 2,138 questionnaires mailed, 258 were returned and useable for the analysis.

An adjusted response rate of 20% after adjusting for 1,040 questionnaires not returned,
131 manufacturers no longer in business, six deceased owners, 60 owners who refused to
take part in the survey, and 643 non-deliverable questionnaires. There was no nonresponse bias in early and late respondents [WILLING (t = -1.51, p = 0.13), CAPACITY
(t = -0.34, p = 0.73), UTILIZE (t = -0.33, p = 0.74), DISPOSAL (t = 1.54, p = 0.13),
PUPGRADE (t = 1, p = 0.32), FUPGRADE (t = 0.03, p = 0.97), GPRICE (t = -0.16, p =
0.87), HAUL (t = -0.13, p = 0.90), EHAUL (t = -0.72, p = 0.48)]. Similarly, there was no
response bias between the proportion of returned questionnaires and proportion of
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questionnaires sent to an individual state (t = 0.60, p = 0.55) and manufacturer type (t =
1.12, p = 0.22).
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Procurement characteristics
2
GPRICE
Maximum gate price mills were willing to pay for
additional logging residues (US$/GMT).
3
AHAUL
Maximum actual hauling distance over which logging
residues were delivered (km).
3
EHAUL
Maximum economic hauling distance over which
logging residues can be delivered (km).
Limiting factors

3,698

176

93

0.08

239

68

2,283

19

79

2,605

182

39

3,363

208

11.58

0.11

227

34

Mean

N

67

72

9.67

10,143

0.26

3,658

5,868

7,908

0.31

SD

80

72

14.58

486

0.00

399

729

777

0.00

Median

322

322

34.01

63,170

13,608

50,439

59,283

Max

Description and descriptive statistics for variables used to determine mill willingness to utilize additional logging
residues to produce electricity in the southern United States based on a 2012 mail survey.

Variable
Variable description
Mill Characteristics
WILLING
Mill willingness to utilize additional logging residues
to produce electricity: 1 if willing, 0 if not.
1
UTILIZE
Amount of woody residues utilized in the mill
(GMT/month).
1
DISPOSAL
Amount of woody residues generated as waste and
disposed of by reusing, selling, giving away or
sending it to a landfill (GMT/month).
1
USELOG
Amount of logging residues in addition to mill
residues utilized in the mill (GMT/month).
FUPGRADE
Planned future upgrades to produce electricity from
logging residues: 1 if a mill planned upgrades in the
near future, 0 if not.
1
CAPACITY
Mill capacity to utilize woody residues to produce
bioenergy (GMT/month).

Table 4.1
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STORAGE

EQUIP

RESID

MILLCAP

4

4

4

4

4

Importance of high transportation cost in utilization of
additional logging residues: 1 if important, 0 if not.
Importance of lack of storage space at the mill in the
utilization of additional logging residues: 1 if
important, 0 if not.
Importance of lack of equipment to handle logging
residues at a mill in the utilization of additional
logging residues: 1 if important, 0 if not.
Importance of limited availability of logging residues
in utilization of additional logging residues: 1 if
important, 0 not.
Importance of lack of a processing capacity at the mill
to the utilization of additional logging residues: 1 if
important in, 0 if not.
Other factors limiting utilization of additional logging
residues: 1 if important, 0 not.
36

150

145

156

153

153

0.53

0.75

0.48

0.70

0.68

0.78

0.51

0.43

0.50

0.46

0.47

0.42

1.00

1.00

0.00

1.00

1.00

1.00

N: Number of Observations, SD: Standard Deviation, Max: Maximum
1
measured in green US tons per month
2
measured in US$ per green metric tons
3
measured in miles
4
Originally measured on a Likert scale from one to six: 1 - unimportant, 2 - of little importance, 3 - moderately important, 4 important, 5 - very important, and 6 – unsure. Unsure responses were removed from a further analysis. The remaining Likert
categories were recoded into a binary variable were original categories 3, 4, and 5 were coded as important, whereas 1 and 2
coded as not important.

OTHER

TCOST

4

Table 4.1 (continued)
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Descriptive statistics of the mill, procurement, and limiting attributes for mills willing and not willing to utilize
additional logging residues to produce electricity in the southern United States based on a 2012 mail survey.

Mills willing to utilize additional logging
Mill not willing to utilize additional logging
residues to produce electricity
residues to produce electricity
(WILLING)
(NOT WILLING)
Variable
[paired t-test p-value]
N Mean
SD Median
Max
N Mean
SD Median
Max
***
UTILIZE [p = 0.0094]
18 7,431 14,471
1,166 55,338
166
2,678 6,094
717 47,083
DISPOSAL [p = 0.3623]
20 3,589
7,722
680 29,937
144
2,352 5,340
657 47,083
USELOG** [p = 0.0455]
4
499
557
318
1,270
14
2,957 4,072
653 13,608
CAPACITY*** [p = 0.0034]
21 8,970 17,129
1,814 58,967
135
2,527 7,381
408 54,431
***
FUPGRADE [p = 0.0000]
23
0.35
0.49
0.00
1.00
191
0.05
0.21
0.00
1.00
GPRICE** [p = 0.0173]
13 16.76
8.68
18.47
34.01
20.00
8.80
9.00
7.77
27.21
AHAUL [p = 0.1190]
16
98
87
76
322
20
32
60
55
60
**
111
69
97
322
66
74
53
64
EHAUL [p = 0.0361]
21
41
TCOST [p = 0.2497]
22
0.86
0.35
1.00
1.00
119
0.76
0.43
1.00
1.00
STORAGE [p = 0.3269]
22
0.59
0.50
1.00
1.00
119
0.71
0.46
1.00
1.00
EQUIP [p = 0.7452]
22
0.68
0.48
1.00
1.00
124
0.72
0.45
1.00
1.00
RESID [p = 0.2783]
21
0.57
0.51
1.00
1.00
114
0.44
0.50
1.00
1.00
MILLCAP [p = 0.7378]
22
0.73
0.46
1.00
1.00
118
0.76
0.43
1.00
1.00
OTHER [p = 0.9999]
4
0.50
0.58
0.50
1.00
30
0.50
0.51
0.00
1.00
***
**
*
p < 0.01, p < 0.05, p < 0.10 for the paired t-test between two groups: mills willing and not willing to utilize additional logging
residues to produce electricity.

Table 4.2
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Approximately 70% of mills indicated that they utilized woody residues for
bioenergy purposes. However, only about 11% of mills reported they were interested in
utilizing additional logging residues to produce electricity. On average, mills utilized
3,363 GMT/m metric tons per month (GMT/month) (median: 777 GMT/month) of
woody residues, and used woody residues to produce heat, electricity, chemicals, and
other outputs (Table 4.1). Utilization of woody residues to produce bioenergy was
different between mills that were willing to utilize additional logging residues to produce
electricity (WILLING) and mills that were not willing to do so (NOT WILLING) (p =
0.0094). On average, WILLING mills utilized 7,431GMT/month (median: 1,166
GMT/month) of woody residues, whereas NOT WILLING mills were utilizing only
2,678 GMT/month (median 717 GMT/month) of woody residues (Table 4.2). Woody
residues included mill residues, logging residues, and other woody wastes. A limited
number of mills, about 4%, reported utilizing logging residues to produce electricity in
addition to mill and other residues. Utilization of logging residues for bioenergy purposes
was 2,283 GMT/month (median: 399 GMT/month). WILLING mills, on average, utilized
318 GMT of logging residues per month (median: 318 GTGMT/month), whereas NOT
WILLING mills utilized 2,957 GMT/month (median: 653 GMT/month) (p = 0.0094). On
the other hand, utilization of woody residues for electricity production was 14,005
GMT/month, on average, which in terms of tonnage was the largest quantity reported
among all residue types. A small number of mills, about 8%, anticipated upgrades to
facilitate electricity production in near future. Upgrades might be capacity upgrades,
equipment upgrades, or production system upgrades. Almost 35% of WILLING mills and
about 5% of NOT WILLING mills anticipated future upgrades (p < 0.0001).
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On average, mills were willing to pay US$11.58 per GMT (median: US$14.58
/GMT) for additional logging residues at the mill gate (p < 0.0001). The price differed
between mills willing and not willing to utilize additional quantities of logging residues.
WILLING mills were willing to pay US$16.76/GMT and NOT WILLING mills willing
to pay US$8.80/GMT (p = 0.0173). Mills reported that they hauled logging residues over
79 km (median: 72 km) and indicated they could economically haul logging residues up
to 93 km (median: 80 km). Economic hauling distances were different for mills that were
willing (111 km) and not willing (66 km) to utilize additional logging residues to produce
electricity (p = 0.0361). Approximately 78% of mills reported TCOST as an important
limitation in the utilization of additional logging residues to produce electricity.
Furthermore, STORAGE, EQUIP, and MILLCAP were reported as an important
limitation in the utilization of additional logging residues by 68%, 70%, and 75%,
respectively. In addition, 53% of mills reported the high importance of other factors such
as the price of logging residues, policy regulations related to biomass utilization and
harvesting, investment in bioenergy equipment, quality of logging residues, and
economic viability. Only 48% of mills indicated that RESID was an important limiting
factor. Mill attitudes towards limiting factors of logging residues utilization were not
significantly different between mills willing and not willing to utilize additional logging
residues to produce electricity (Table 4.2).
An average mill capacity to utilize woody residues to produce bioenergy was
3,698 GMT/month and the median capacity was 486 GMT/month. Mills not willing to
utilize additional logging residues had a significantly lower average processing capacity
at 2,527GMT/month (median: 408 GMT/month) compared to mills willing do so, which
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had an average processing capacity of 8,970 GMT/month (median: 1,814 GMT/month)
(p = 0.0034).
4.4.2

Probability estimation and opportunities to expand mill participation
The Hausman test of endogenous error in the LP model, was not significantly

different from zero (p = 0.1321) indicating the absence of endogeneity due to causality
between WILLING and UTILIZE. The R-squared was about 25% indicating many other
important predictors were absent in the model. We could not observe a higher R-square
because procurement variables, GPRICE and EHAUL, had to be dropped from the model
due to a small number of observations (n = 14). There was no serial autocorrelation in the
LP model (DW = 0.05, p = 0.71). Therefore, properties of errors were transferable to the
Binary Logit regression model and estimates of the Logit model did not suffer from
endogeneity and autocorrelation, and produced consistent inferences and valid hypothesis
testing
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Table 4.3

Parameter estimates of binary logit and linear probability regression models
to determine mill willingness to utilize additional logging residues to
produce electricity by primary forest products manufacturing facilities in
the southern United States based on a census mail survey conducted in
2012.

Variable (n = 84)

Binary logit model
Coefficient (SE)Marginal Effects
-4.75** (2.49)
-2.49
**
1.03 (0.49)
0.09
**
-1.08 (0.49)
-0.08
***
2.30 (0.86)
0.16
2.08 (1.42)
0.15
**
-1.87 (0.80)
-0.13
1.58 (1.26)
0.11
-0.32 (0.84)
-0.02
0.92 (1.03)
0.07
-25.97

Linear probability model
Coefficient (HCSE)
0.01 (0.08)
0.12* (0.07)
-0.13* (0.07)
0.34** (0.15)
0.12 (0.09)
-0.23** (0.10)
0.13 (0.10)
0.00 (0.08)
0.08 (0.11)

CONSTANT
UTILIZE
DISPOSAL
FUPGRADE
TCOST
LSTORAGE
LEQIUP
LRESID
LMILLCAP
Log-likelihood
R-squared
0.25
Serial auto correlation (DW 1st Order Autocorrelation)
0.05 [p = 0.71]
***
**
*
p < 0.01, p < 0.05, p < 0.1
n: number of observations used, SE: Standard Error, HCSE: Heteroscedasticity
Consistent Standard Error
UTILIZE (p = 0.04), DISPOSE (p = 0.03), FUPGRADE (p = 0.01), and
LSTORAGE (p = 0.02) were significant at a 5% level in the Binary Logit model (Table
4.3). An increase in UTILIZE by 1% increased the probability of WILLING by 9%. A
1% increase in DISPOSAL decreased the probability of WILLING by 8%. A 1% increase
in FUPGRADE increased the probability of WILLING by 16%. Similarly, a 1% increase
in LSTORAGE decreased the probability of WILLING by 13%. Parameter estimates
related TCOST (p = 0.14), LEQUIP (p = 0.21), LRESID (p = 0.71), and LMILLCAP (p =
0.37) did not affect mill willingness to utilize additional logging residues to produce
electricity whether they considered TCOST, LEQUIP, LRESID, and LMILLCAP as
important factors limitation utilization of logging residues or not.
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4.5

Discussion
A limited number of mills (4%) reported utilization of logging residues in the

southern United States. Although more than 70% of the mills reported utilizing woody
residues for bioenergy, median utilization was below 500 GMT/m. Thus, the actual
numbers of mills with the larger utilization of woody residues for bioenergy to substitute
for their energy demands was relatively small. Further, only 11% of mills were willing to
utilize additional logging residues to produce electricity. Willingness to utilize additional
logging residues to produce electricity was reported in mills with higher utilization of
woody residues.
Mills were not willing to utilize additional logging residues to produce electricity
if they were already utilizing logging residues. This finding indicated an interest on the
part of mills in utilizing additional woody residues for bioenergy such as mill residues,
but not logging residues. A possible explanation for this low interest is most likely related
to the economic feasibility of extracting, transporting, and processing logging residues as
well as the need to use a specialized equipment. Previous studies supported this
explanation and indicated that utilization of logging residues was limited due to several
factors including economic feasibility (Galik et al., 2009; Gruchy et al., 2012), limited
availability of logging residues (Wu et al., 2011; Pasila, 2013), high transportation costs
(Grebner et al., 2009), costly recovery of logging residues scattered at harvest sites
(Nurmi, 2007), and need of special equipment to harvest and handle logging residues
(Shivan & Potter-Witter, 2011).
An increased utilization of woody residues positively affected willingness to
utilize logging residues to produce electricity. Utilization of woody residues was larger in
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mills willing to utilize additional logging residues compared to mills, which were not
willing to do so. In a scenario where approximately 98.5% of mill residues were used
utilized for various purposes (U.S. Department of Energy, 2011), the demand for
alternative feedstocks such as logging residues will increase. Similarly, as the amount of
disposable residues produced at a mill decreases due to better technology and
optimization techniques at the mill, a quantity of mill residues available for bioenergy
production will further decrease, increasing demand of other residue sources such as
logging residues. Furthermore, mills planning equipment upgrades to produce electricity
in the future will need feedstocks to be continuously available in sufficient quantities.
Logging residues, which were reported as potential and reliable feedstocks available for
electricity production (Gan & Smith, 2006; Joshi et al., 2013), will help absorb additional
demand and increase mill probability to utilize additional logging residues to produce
electricity.
Limited space had an impact on a mill’s willingness to utilize logging residues to
produce electricity. Mills lacking extra space to store logging residues were less likely to
be willing to utilize additional logging residues because they need space for saw logs or
chips used for primary product manufacturing. Additionally, logging residues are bulkier
than other wood products and require additional storage space compared to other forest
products. In addition, the value of logging residues stored at a mill site is smaller
compared to other products per unit area. Therefore, mills are less likely to use their
storage space for logging residues instead of other high-value forest products (Nurmi,
1999).
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In contrary, high transportation costs had no effect on mill willingness to utilize
additional logging residues. The reason may be that most of the mills considered mill
residues to be an economically feasible feedstock for electricity production because they
were available at the mill site at no cost. Furthermore, mills that were willing to utilize
additional logging residues had not used logging residues previously but were venturing
into a new area due to increased demand for woody residues. Few mills actually utilized
logging residues and non-utilizers might have compared the cost of procurement of
logging residues with pulp chips and had limited cost information, since logging residues
are usually hauled as dirty chips to the mills in the southern United States. Mills might
not be aware of the cost of procuring logging residues and producing energy from it.
Such asymmetric information among mills on economically feasible logging residue
procurement potential might have contributed to the insignificant impact of high
transportation cost. With so many uncertainties regarding utilization of logging residues,
it is recommended that further research is conducted to better understand the cause of an
insignificant impact of transportation costs on mill willingness to utilize additional
logging residues.
Similarly, a lack of equipment to handle logging residues had no impact on mill
willingness to utilize additional logging residues to produce electricity. Previous study
has shown the lack of equipment to handle logging residues as a factor limiting utilization
of logging residues (Shivan and Potter-Witter 2011). The lower number of mills involved
in the utilization of logging residues to produce bioenergy might have contributed to the
insignificant impact in explaining the willingness of a mill to utilize additional logging
residues. In addition, most mills that used logging residues were pulp, paper, and
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paperboard mills and composite wood product mills that already had the compatible
equipment to handle chips and were main drivers in the production of woody bioenergy
(Aguilar et al., 2011). Willingness to utilize additional logging residues to produce
electricity did not differ between mills whether they reported the availability of logging
residues as an important limitation or not.
With policies and incentives from federal and state government in place to
promote forest-based biomass for energy production, demand for logging residues may
increase (Delmas & Montes-Sancho, 2011); hence, the willingness of mills to utilize
logging residues for electricity. Mill willingness to utilize additional logging residues to
produce electricity can increase if current utilization of woody residues could increase
thus creating further demand, reducing current levels of mill residue disposal,
encouraging mills to implement equipment upgrades, and increasing space to store
logging residues at a mill. Producing electricity from logging residues will often require
additional capital investments, subsidies, incentives, and other financing mechanisms that
should be developed to help mills to utilize logging residues to produce electricity
(IRENA 2012; Federal Energy Management Program 2011; Guo et. al., 2013). Therefore,
future policies should focus on developing necessary financial instruments to encourage
mills and other facilities to utilize more logging residues to produce electricity.
4.6

Conclusions
The United States produces 8% of its energy from renewable sources, where half

of it is derived from biomass. Logging residues, a type of biomass left unwanted after
logging operations, can be a feasible source for electricity production in the United States
where one-third of its land cover is forest and forestry is a well-established industry. This
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study was designed to estimate mill willingness to utilize additional logging residues to
produce electricity. In addition, the research identified factors affecting utilization of
logging residues to produce electricity. Results indicated an established practice of
utilizing mill residues to produce bioenergy in the southern United States. However,
utilization of logging residues to produce electricity was relatively limited in the mills.
Most findings of this study were consistent with previous studies on utilization of logging
residues to produce electricity and highlighted the effect of utilization, available mill
residues, anticipated upgrades, and storage space at a mill on willingness to utilize
additional logging residues. Contrary to previous studies, transportation costs had no
impact on mill willingness to utilize additional logging residues to produce electricity.
Furthermore, mills that were utilizing logging residues, were least interested in utilizing
their additional quantities, indicating a questionable likelihood of mills engaging in the
utilization of logging residues. Although, different studies had concluded that the
southern United States could potentially provide logging residues for electricity
production, actual utilization was limited raising questions regarding the economic
feasibility of utilizing logging residues. Therefore, a further research is needed to analyze
the economic feasibility and identify factors that will help increase utilization of a
logging residue feedstock.
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CHAPTER V
A SPATIAL ECONOMETRIC MODEL TO DETERMINE WILLINGNESS
TO UTILIZE LOGGING RESIDUES TO PRODUCE ELECTRICITY
BY PRIMARY FOREST PRODUCT MANUFACTURERS.
5.1

Abstract
Renewable energy from woody biomass such as logging residues has gained an

increased interest due to its potential to reduce carbon dioxide emissions and mitigate
climate change. This study estimated the probability of utilizing logging residues by
primary forest products manufacturers (mills) in the southern United States based on
manufacturer willingness to utilize additional quantities of logging residues, its
geographical location, and proximity to existing transportation networks, city centers, and
forested areas. A survey was mailed to 2,138 georeferenced manufacturers located in 12
southern states. The probability that a mill will utilize additional logging residues for
electricity was estimated based on survey responses and geospatial factors using a spatial
logistic regression model. Results indicated that a mill was more likely to utilize
additional logging residues if it was in a proximity to a sawmill; pulp, paper, and
paperboard mill; post mill; and a major road system. A mill was less likely to utilize
additional logging residues if it was in proximity to a river, forest, and a mill classified as
producing other forest products. Geospatial features were significant determinants of the
probability of a mill at a specific location to utilize additional logging residues. Decision
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and policymaking process should consider these factors for better results. Results will be
helpful in identifying the impact of geospatial factors on the utilization of logging
residues and identifying geographic locations best suited for electricity and other forms of
bioenergy production from logging residues in the southern United States as well as
prioritizing bioenergy investments.
Keywords: bioenergy, geospatial, mill, transportation network, willingness to
utilize
5.2

Introduction
Historically, the primary forest products manufacturers have been utilizing woody

residues produced at the mill as a byproduct or extracted from the forest during the
logging operations, to produce electricity, heat, biodiesel, and extract chemicals for their
use and sale (Guo et al., 2007; Aguilar et al., 2011). Although mills are configured to
produce their main products such as lumber, veneer, plywood, composite wood products,
pulp, and other products, they are also well-suited to utilize logging residues to produce
electricity. Primary forest product manufacturers (mills) are a part of an established forest
products supply chain and often have experience with utilizing woody residues for
bioenergy production in the past. Furthermore, usage of woody residues, which includes
mill residues, logging residues, and other woody wastes such as construction and urban
waste, are projected to account for 18 to 26% of biomass used for bioenergy production
by 2031 (Abt & Abt, 2013).
Mill residues are the most common type of woody residues utilized to produce
bioenergy in the southern United States (Joshi et al., 2014). Typically, mill residues are
either used by the same mill or sent to other mills such as pulp, paper, and paperboard
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mills (U.S. Department of Energy, 2011). While sawmills produce more mill residues
than pulp, paper, and paperboard mills, the pulp, paper, and paperboard industry has been
the main driver for producing wood-based energy in the United States (Aguilar et al.,
2011). A rate of production and utilization of woody residues is different in different mill
types, and some might have better infrastructure to utilize woody residues than others.
However, many studies have shown that approximately 98.5% of mill residues were
utilized for bioenergy and other purposes such as livestock bedding and mulch (Joshi et
al., 2014). As a result, logging residues have gained significant attention as an alternative
woody feedstock for electricity production (Galik et al., 2009). Logging residues refer to
forest biomass left after logging operations at a harvest site and include low-quality trees,
dead wood, non-commercial trees, and coarse woody debris including snags (Riffell et
al., 2011).
Decisions related to a geographic location of forest products manufacturers are
important in gaining a competitive advantage; accessing a skilled labor pool, markets,
and raw materials; and as well as promoting knowledge exchange (Ross, 1896; Marshall,
1920; Weber & Friedrich, 1929; Porter, 1998; Hagadone & Grala, 2010). In forestry, a
location-based spatial analysis of the forest products industry is important because mills
are dependent on forests for raw materials and cities and towns for accessing labor and
markets. Spatial analysis of forest product industry locations has become increasingly
easier to implement with the development of Geographic Information Systems (GIS) and
integrated statistical tools (Aguilar, 2009). Location-based spatial studies conducted by
Aguilar and Vlosky (2006), Aguilar (2008, 2009), Bratkovich et al. (2009), and
Hagadone and Grala (2012) found that the forest products industry tended to locate in
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specific geographic areas in the southern United States. The forest products industry
exhibited clustering patterns in location decisions and often resulted in the formation of
industry clusters. Industry clusters are comprised of manufacturers located in the same
geographic location and sharing similar needs regarding production inputs, labor, and
technology (Porter, 1998). Also, mills cluster due to available infrastructure that
facilitates low transportation costs (Aguilar et al., 2009). Decisions related to a mill
location were based on aspects that helped optimize production of primary forest
products and not necessarily to optimize extraction and utilization of logging residues
(Bratkovich et al., 2009). However, many mills in the northern Mississippi forest cluster
were willing to collaborate with other companies to utilize available woody residues,
especially those from mills (Garrard & Leightley, 2005). Therefore, utilization of logging
residues can be challenging for mills because of their geographic location. On the other
hand, availability of logging residues can also be an opportunity for mills if they can
effectively integrate their recovery into their supply chain and lower the cost of utilizing
logging residues. Extraction of woody residues after logging operations and fuel
treatments had a potential to provide 113 million dry metric tons (DMT) of biomass
feedstock (Perlack et al., 2005). A study conducted by the U.S. Department of Energy
(2011) estimated that 117 million DMT of forest biomass was available for energy
production in the Unites States. Gan and Smith (2006) estimated that 36.2 million DMT
of logging residues were available in the United States and had a potential to produce
67.5 terawatts per hour of electricity (Gan & Smith, 2006). However, the usage of
logging residues for electricity production was previously reported as infeasible due to
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high procurement costs and the low price of electricity produced from fossil fuels
(Perlack et al., 2005; IRENA, 2012).
Mills might not be interested in the utilization of logging residues for electricity
production due to several factors limiting their utilization. One of the greatest challenges
is high extraction and transportation costs of logging residues (Mayfield et al., 2007;
Smidt et al., 2012). Studies have shown that transportation of logging residues is costly
and requires larger load sizes than logs and pulp chips (Perez-Verdin et al., 2009;
Tahvanainen & Anttila, 2011; Johnson et al., 2012; Pasila, 2013). A better transportation
system can decrease transportation costs and increase carrying capacity to help lower the
cost of procuring logging residues. Aguilar et al. (2009) determined that a suitable
transportation network had a positive impact on the location of primary and secondary
forest products manufacturers, and distance to a major transportation road had an impact
on mill location and its production profile. However, Hagadone and Grala (2012) found
that the presence of four-lane interstate highways and railroads in Mississippi at a county
level did not have an impact on mill locations. They hypothesized that distance to road
and a road density might be a more appropriate measure for explaining mill location
decisions. In addition to roads and railroads, rivers have been used for transportation in
the United States for a long time (Clark et al., 2005). Barge transportation is less costly
than rail and truck transportation and it has been reported that inland waterways carry
15% of the total freight within the United States (Folga et al., 2009). Thus rivers, if
available and suitable for barge freight, might be a reliable and less costly alternative for
transporting logging residues and other forest products.
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No studies have examined the impact of geographical location on mill willingness
to utilize logging residues. This study was developed to identify the relationship between
existing geospatial covariates and mill willingness to utilize additional logging residues
to produce electricity. The study estimated the probability of a mill to utilize additional
logging residues to produce electricity in the southern United States based on different
geospatial factors/covariates such as major roads, railroads, rivers, city centers, and
different mill types. The study is expected to help identify potential mills and locations to
support increased utilization of logging residues to generate electricity in the southern
United States.
5.3
5.3.1

Methods
Study Area
The study was conducted in 12 states in the southern United States: Alabama,

Arkansas, Florida, Georgia, Kentucky, Louisiana, Mississippi, North Carolina,
Oklahoma, South Carolina, Tennessee, and Virginia (Figure 5.1). The region has 2,138
primary forest products manufacturers of which there are 1,786 sawmills; 99 pulp, paper
and paperboard mills; 83 post and pole mills; 107 veneer and plywood mills; 19
composite wood products mills; and 44 mills producing other forest products (Prestemon
et al., 2010). The primary forest product processing facilities are classified under North
American Industry Classification System (NAICS) codes 312 and 322, and their main
characteristic is that they procure wood directly from forests (Aguilar et al., 2009).
Forests cover 50% of the land in the southern United States (Howell et al., 2012; Oswalt
& Smith, 2014). The southern United States has well-established logging, solid wood
products, pulp and paper, and wood furniture industry sectors as well as associated
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supply chains (Alvarez, 2007; Conrad et al., 2010, 2011; U.S. Department of Energy,
2011; Dahal et al., 2015). Harvest operations in the region leave substantial quantities of
logging residues, which can be scattered over the entire harvest site or accumulated at the
landing area (Dirkswager et al., 2011). However, this unused byproduct of harvest
operations could potentially be utilized as a feedstock to produce electricity. Gan and
Smith (2006) reported that 16.5 million DMT logging residues were available in the
southern United States for electricity production. In another study conducted in
Mississippi, Perez-Verdin et.al. (2009) estimated that one metric ton of logging residues
was produced for every five metric tons of harvested timber. The southern United States,
therefore, has abundant quantities of logging residues that can be used by mills as a
feedstock to produce electricity or other types of bioenergy.
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Figure 5.1

Study area and location of primary forest products manufacturers in the
southern United States.

Projection: NAD_1983_NSRS2007_Maine_2000_East_Zone
5.3.2

Data
This study used survey and geospatial data obtained from several sources. Data

related to mill willingness to utilize additional quantities of logging residues was obtained
directly from forest products manufacturers via a census mail survey of all mills in the
southern United States completed in 2012. The survey was mailed to 2,138 primary forest
products processing facilities and was designed following a method developed by
Dillman (2009), which involved four mail contacts: an introductory letter and three
follow-up letters with questionnaires. The mail survey questionnaire collected
information on various mill operations such as the capacity to process woody residues,
total utilization of woody residues to produce bioenergy such as electricity, heat, and
chemicals as well as their willingness to utilize additional quantities of logging residues
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to produce electricity (WILLING). This study mostly focused survey information related
to mill willingness to utilize logging residues for electricity production. Data collected
through surveys might be affected by non-response bias due to differences in responses
between the respondents and non-respondents. A Wilcoxon-Mann-Whitney (WMN) test
was used to detect significant differences between 50 early and late responses, where late
responses served as a proxy for non-responding mills (Daniel, 1978). Additionally, the
test was used to compare a proportion of questionnaires sent to and returned from each
state and each manufacturer type.
Geospatial data included mill’s physical locations of all the mills of the southern
United States and other geospatial attributes such location of roads, railroads, rivers, and
cities. Mill physical locations were obtained as georeferenced shapefile including
processing facility coordinates and mailing addresses from the USDA Forest Service
Southern Research Station (Prestemon et al., 2010). The most recent data on mill
locations available at the time of the study was from 2005. A mill’s physical location was
expressed by its longitude (LON) and latitude (LAT). To examine impacts in terms of
specific manufacturer types, separate shapefiles with geo-locations of sawmills
(SAWMILL); pulp, paper and paperboard mills (PULP); post mills (POST); pole mills
(POLE); veneer mills (VENNER); plywood mills (PLYWOOD); composite wood
products mills (COMPOSITE), and other mills (OTHER) were produced from the
original data file. Data on the location of major roads (ROADS), railroad networks
(RAILS), major river systems (RIVERS), and city centers (CITIES) in the southern
United States were obtained as shapefiles from the Esri online services (Esri, 2014). The
ROADS included all roads classified as interstate and state highways, major roads, and
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city roads. ROADS did not include minor roads, local roads, and forest roads constructed
for logging operations. RAILS included all active railroads. RIVERS included major
rivers, which were able to support barge transportation and had water flows controlled by
dams and levees. CITIES included cities with a population of 10,000 and above. Data
related to forest cover (FOREST) was obtained as shapefiles from the USGS National
Map Analysis Program (USGS, 2014). To generate density maps based on proximity to a
nearest spatial covariate, the Euclidean distance function in the ArcGIS 10.2 spatial tool
was used. Euclidean distance maps with raster grids of 1,000X1,000 square meters (m2)
containing distance values from a geographic feature, represented by an explanatory
covariate (e.g., mill, road, river), to a specific grid cell were generated and are presented
in Figures 5.1 and 5.2 (Esri, 2010; Price, 2012). Variable descriptions are presented in
Table 5.1.

Figure 5.2

Euclidean distance from a grid cell to selected geospatial features in the
southern United States.
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Figure 5.3

Euclidean distance from a grid cell to a mill location for different mill
types.

121

Table 5.1

Description of variables used in the analysis to quantify the probability of
utilizing additional logging residues to produce electricity by primary forest
product manufacturers in the southern United States.

Variable
WILLING1

Description
Units
Mill (Primary forest products
Binary (0 or 1)
manufacturers) willingness to utilize
additional logging residues to produce
electricity. 1 if willing, 0 otherwise
2
LON
Longitude of mill location
Meters
LAT2
Latitude of mill location
Meters
3
ROADS
Distance to the nearest available road in Meters
southern U.S.
RAILS3
Distance to nearest railroad
Meters
3
RIVERS
Distance to nearest major river system
Meters
3
CITIES
Distance to nearest city center
Meters
4
FOREST
Distance to nearest forest
Meters
2
SAWMILL
Distance to nearest sawmill
Meters
2
PULP
Distance to nearest pulp, paper,
Meters
paperboard mill
COMPOSITE Distance to nearest composite wood
Meters
2
products manufacturer
POLE2
Distance to nearest pole manufacturer
Meters
2
POST
Distance to nearest post manufacturer
Meters
2
PLYWOOD
Distance to nearest plywood
Meters
manufacturer
VENEER2
Distance to nearest veneer manufacturer Meters
OTHER2
Distance to nearest other types of mills
Meters
1
Mail survey of primary forest products manufacturers conducted by authors.
2
(Prestemon et al., 2010), 3(Esri, 2014), 4(USGS, 2014).
5.3.3

Spatial Logistic Regression Model (SLRM)
A mill’s willingness to utilize additional quantities of logging residues for

electricity production was modeled as a binary logistic regression model. The model
estimated the probability of a mill willing to utilize logging residues at a given location
where responses of a mill’s willingness to do so were coded as one (cases) (Yi = 1) and
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those not willing to do so (controls) as zero (Yi = 0) (Bivand et al., 2008). A binary
logistic regression model was specified as in Equation 5.1 (Greene, 2008):
log[ πi / (πi -1)] = Xʹi β

(5.1)

where, πi is the expected probability that mill will utilize additional logging residues to
produce electricity on ith grid cell location, Xʹi is a vector of geospatial covariates (LON,
LAT, ROADS, RAILS, RIVERS, CITIES, FOREST, SAWMILL, PULP, COMPOSITE,
POLE, POST, PLYWOOD, VENEER), and β represents parameter estimates of
explanatory covariates. It is commonly observed in a spatial analysis that the
interpolation in space from a specific location does not follow a linear trend. Therefore,
the squares of all independent covariates were also included in the model to observe their
quadratic relationship with the probability of a mill to utilize additional logging residues.
Logistic regression models using spatial covariates were reported to have
incompatibility issues due to different pixel grids of raster data overlaid on each other
(Baddeley et al., 2010; Luffman & Tran, 2014). To correct the issue and derive consistent
estimates, an asymptotically approximate compatibility on fine grids was used as
suggested by Baddeley et al. (2010). A corrected spatial binary logistic regression model
was specified as in Equation 5.2, whereas a corrected probability that a mill will utilize
additional logging residues to produce electricity was specified in Equation 5.3.
log[ πi / (πi -1)] = log ai + Xʹi β

(5.2)

πi = P(Yi = 1) = [ 1+ exp (-log ai – Xʹi β) ]-1

(5.3)

where, log ai is a correction term for incompatibility issues due to different pixels where
ai is the area of the ith pixel, and P is the estimated probability that a mill will utilize
additional logging residues for electricity at any given grid cell.
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A spatial logistic regression model was developed in R (R Core Team, 2014),
using slrm function of R package spatstat (Baddeley & Turner, 2005) to quantify the
probability of a mill at a specific location to be willing to utilize additional logging
residues to produce electricity based on a set of geospatial covariates. Two models were
developed with different combinations of covariates. An unrestricted model included all
candidate covariates, whereas restricted model included only significant covariates (p <
0.05) from the original unrestricted model. Then, the two models were compared in terms
of a log likelihood ratio to identify the best-fitted and parsimonious model.
5.4
5.4.1

Results
Descriptive Statistics
The survey response rate was 20%. Although seemingly low, such response rates

were common in survey-based studies of mills conducted in the southern United States
(e.g., Aguilar et al., 2009; Joshi et al., 2015; Khanal et al., 2016). In addition, the test of
non-response bias indicated no significant differences between the early 50 and late 50
responses (WILLING, p = 0.144), a proportion of the questionnaire sent and returned
from each state (p = 0.863), and a proportion of questionnaires sent and received from
each mill type (p = 0.468). Thus, data were representative of mills in the southern United
States and was appropriate to make generalized inferences about all mills in the region.
Utilization of woody residues, mostly mill residues, for bioenergy purposes was a
common practice in mills in the southern United States. Approximately 70% of mills
indicated that they utilized woody residues for bioenergy production, whereas only
4.26% reported that they also utilized logging residues for bioenergy purposes. Number
of mills utilizing logging residues were relatively small – only nine mills reported
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utilization of this feedstock. On average, mills utilized 2,446 green metric tons
(GMT)/month (n =19) of logging residues for bioenergy production. Regarding
electricity production specifically, mills utilized 14,005 GMT/month of woody residues
including logging residues on average. Only 2,596 GMT/month of woody residues, on
average, was used for heat generation at a mill. Furthermore, a relatively small proportion
of mills (11%) indicated that they were willing to utilize additional logging residues to
produce electricity, which is more than double the number of mills currently utilizing
logging residues. Willingness to utilize additional logging residues differed among mill
types. Approximately 67% of composite wood products mills; 40% of the pulp, paper,
and paperboard mills; 11% of veneer mills; 10% of post and pole mills; and 7% of
sawmills reported a willingness to utilize additional logging residues to produce
electricity. The study also observed higher mill density in northeastern sub-section of the
study area (Kentucky, North Carolina, South Carolina, Tennessee, Virginia) particularly
dominated by sawmills.
5.4.2

Econometric analysis
A difference in log likelihood ratio between the two models was relatively small,

indicating a minimal additional loss of information with increased parsimony. Therefore,
any of the two models could be used to make inferences. This study made inferences
based on the original model so that impact of other covariates not included in the
restricted model could also be observed.
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Table 5.2

Parameter estimates of factors affecting the probability of a primary forest
products manufacturer’s willingness to utilize additional logging residues
to produce electricity in the southern United States.

Unrestricted Model
Restricted Model
Covariates
Estimate
p-value
Estimate
p-value
CONSTANT
-1.73E+01
-1.72E+01
LON
-2.17E-06
0.010
-1.93E-07
0.012
LON_SQ
-1.29E-12
0.227
LAT
-2.74E-07
0.000
-1.20E-07
0.000
LAT_SQ
-1.63E-13
0.381
ROADS
-3.49E-04
0.000
-2.89E-04
0.000
ROADS_SQ
1.66E-08
0.024
-3.60E-09
0.053
FOREST
8.60E-05
0.028
-1.54E-05
0.028
FOREST_SQ
-1.19E-08
0.437
OTHER
2.18E-06
0.010
1.16E-07
0.005
OTHER_SQ
-1.27E-13
0.606
PULP
-1.69E-05
0.000
-1.42E-05
0.006
PULP_SQ
6.97E-11
0.005
6.36E-11
4.01E-05
SAWMILL
-7.98E-04
0.000
-7.91E-04
0.000
SAWMILL_SQ
4.34E-09
0.000
4.27E-09
0.000
RIVERS
5.27E-07
0.066
RIVERS_SQ
-9.30E-12
0.931
POST
-2.98E-06
0.070
POST_SQ
3.28E-12
0.435
RAILS
-1.46E-05
0.312
RAILS_SQ
6.30E-10
0.181
CITIES
8.54E-06
0.100
CITIES_SQ
-1.44E-10
0.216
COMPOSITE
5.81E-07
0.190
COMPOSITE_SQ
-2.91E-12
0.976
PLYWOOD
-4.84E-06
0.370
PLYWOOD_SQ
1.53E-11
0.161
POLE
-9.36E-07
0.176
POLE_SQ
2.49E-12
0.530
VENEER
-3.14E-06
0.214
VENEER_SQ
1.12E-11
0.493
log likelihood
-5167.405
-5112.06
Note: Suffix _SQ on a variable indicates the quadratic function of that variables.
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LON, LAT, ROADS, FOREST, SAWMILL, PULP, OTHER, and quadratic
functions of ROAD, PULP, and SAWMILL were significant in explaining mill
willingness to utilize additional logging residues to produce electricity at a 5%
significance level, whereas RIVERS and POST were significant at a 10% significance
level. There was a negative and linear relationship between a mill’s geographic location
expressed by LON and LAT and the mill’s probability to utilize logging residues to
produce electricity. In North America, LON is negative, and LAT is positive; thus, this
result indicated that mills located further east and/or north had a greater probability of
utilizing additional logging residues to produce electricity. Distance to FOREST,
OTHER, and RIVERS had a positive association with a probability associated with
WILLING. Therefore, the proximity of a mill to FOREST, OTHER, and RIVERS
decreased the probability of a mill to utilize additional logging residues. Distance to
ROADS, PULP, and SAWMILL had a negative relationship at a declining rate with the
probability associated with WILLING. The probability of a mill to produce electricity
utilizing additional logging residues decreased with distance at an increasing rate for each
additional meter of ROADS, PULP, and SAWMILL. Distance from a mill to the nearest
city center was not significant in determining the probability of logging residues
utilization for electricity production. Similarly, the proximity of a mill to a railroad did
not have an influence on mill willingness to utilize logging residues.
5.5

Discussion
Mill location and proximity to selected spatial features were associated with mill

willingness to utilize additional quantities of logging residues for electricity production.
A geographic location of a mill had an impact on its willingness to utilize additional
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logging residues to produce electricity with a negative association to LON and LAT. A
mill in North or South Carolina had a greater probability of utilizing additional logging
residues compared to a mill in Louisiana. Similarly, a mill in Kentucky or Tennessee had
a higher probability of utilizing additional logging residues than a Mississippi mill. The
higher density of the mills present in this region should have contributed to such a trend.
Furthermore, state biomass policies and initiatives to promote wood-based energy might
have also contributed to this outcome. Among the 12 states in the study area, Oklahoma,
Arkansas, Louisiana, Virginia, and Mississippi, were ranked 42, 45, 46, 47, and 48
among 50 states in the nation, as the least friendly states for biomass-based bioenergy
production with limited or no incentives for the bioenergy industry such as tax incentives,
subsidies and grants, financing and contracting, rules and regulations, and education and
consultation services to utilize biomass for bioenergy (Guo et al., 2012). In contrast,
North Carolina, Florida, South Carolina, and Kentucky ranked 2nd, 8th, 15th and 17th
because of strong financial incentives and bioenergy supportive regulations and
consultation support (Guo et al., 2012).
Transportation costs associated with logging residues were an important factor
limiting their utilization (Dirkswager et al., 2011; Espinoza et al., 2011; Smidt et al.,
2012). Results indicated that proximity to a major road was associated with a greater
probability of a mill being willing to utilize additional quantities of logging residues. If
mills were located in proximity to major roads, hauling logging residues becomes more
cost effective because such roads have a higher carrying capacity and speed limits (Alam
et al., 2012). This result was consistent with findings of Aguilar et al. (2009) but
contradicted findings of Hagadone and Grala (2012). Aguilar et al. (2009) reported that a
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presence of a suitable transportation network in a county had a positive impact on the
location of primary and secondary forest products manufacturers in the southern United
States. However, a presence of a four- lane highway in a county was not significant in
determining the location of a mill in Mississippi (Hagadone & Grala, 2012). A suggested
explanation was that a presence of a highway in a county was coded as a binary variable
(present or not) and perhaps a proximity to a road was a better measure (Hagadone &
Grala, 2012). Thus, highway presence in a county may not illustrate well its association
with mill location, especially if the distance between the two is substantial. Better
determinations might be made based on the distance between a mill and roads rather than
if the highways were present in a county or not. This study used Euclidian distances
between roads and mills, therefore, the results should be more precise.
Results indicated that railroads did not have an impact on mill willingness to
utilize additional logging residues to produce electricity. The finding was consistent with
Hagadone and Grala (2012). The explanation for the insignificant impact of proximity to
the railroads is that road density is typically greater than railroad density, and a railroad
might not be available in proximity to the logging site. Thus, logging contractors use
trucks to haul timber and often build temporary access roads into the forests to load
timber on trucks. Also, transportation via railroad, even if feasible, requires larger loads
in multiple rail containers, which might not be possible to satisfy with single harvest
sites. Thus, trucks are commonly used for transporting logs, chips or logging residues
(Alam et al., 2012). In addition, logging operators would still need to use trucks to deliver
logging residues from a logging site point to a railway collection point. This operation
would also involve reloading residues onto rail containers and would increase costs to
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logging operators. However, multimodal transportation systems, involving trucks on
short distances and railways on longer distances, might be feasible if large quantities of
logging residues are required by a distant processing facility (Miao et al., 2012).
A mill had a higher probability of utilizing additional logging residues to produce
electricity if the distance between a mill and a river was longer. River systems have long
been used for transportation and advocated to be developed for low-cost inland
transportation of various goods (Koger, 1981; Baroud et al., 2014), including logs or
other woody materials (Sedell et al., 1991; Clark et al., 2005). A recent example in the
forest products sector involves pellet production, which has increased in the southern
United States because of a greater demand for pellets in Europe in an effort to reduce
carbon dioxide emissions (Dwivedi et al., 2016). Therefore, a mill located in proximity to
major rivers or a coast might utilize water transportation for exporting pellets rather than
utilize it to transport logging residues. Similarly, the higher probability of a mill utilizing
additional quantities of logging residues with a longer distance from a mill to a forest was
also observed. While this seems counterintuitive, a potential explanation relates to a mill
type. It has been observed that the greatest utilizer of woody residues such as logging
residues were pulp, paper, paperboard mills (Aguilar et al., 2011). These mills tend to be
located away from forests to be closer to settlements for easy access to labor, markets,
and technology. Sawmills, on the other hand, usually locate closer to forests. However,
these study results indicated that a relatively limited small number of sawmills were
willing to utilize additional logging residues. However, substantially large numbers of
pulp, paper, and paperboard mills were interested in additional utilization.
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Mills in the southern United States showed a tendency to locate in clusters
(Aguilar et al., 2009; Hagadone & Grala, 2012). Mills in such clusters share information,
technology, and raw materials, which might increase utilization of logging residues for
electricity production (Bratkovich et al., 2009). However, different mill types did not
have the same impact on a nearby mill’s willingness to utilize additional logging residues
for electricity production. A mill was more likely to utilize additional logging residues if
it was closer to sawmill; pulp, paper, and paperboard mill; or a post mill. This is due to
wood processing operations that either produce mill residues useful for other mills or
have the infrastructure to utilize additional logging residues effectively to produce
electricity for their purposes (Bratkovich et al., 2009). However, longer distances to mills
classified as “OTHER” increased the likelihood to utilize additional logging residues,
indicating that proximity to such mills negatively affects the willingness of a mill to
utilize additional logging residues to generate electricity. However, the probability of
willingness to utilize of additional logging residues to generate electricity was unaffected
by a distance to mills categorized as COMPOSITE, VENEER, POLE, and PLYWOOD.
Study results have indicated several policy implications. For example, the
likelihood of a mill to utilize additional logging residues was influenced by the location
of a mill, and its proximity to a major road and other specific mill types. Thus, facilitating
the production of logging residue-based bioenergy in forest industry clusters that include
sawmills; pulp, paper, and paperboard; and post mills might be a more effective approach
compared to promoting utilization of logging residues in a single mill outside of an
industry cluster. Historically, pulp, paper, and paperboard mills were the main drivers of
wood bioenergy production in the United States (Aguilar et al., 2011) and this study
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confirms this fact. The descriptive statistics suggested that few mills utilized logging
residues but, on average, large quantities of woody residues (including both mill and
logging residues) were used for electricity production in those mills. This observation
indicated a need for large supplies of feedstocks such as logging residues in producing
electricity since approximately 98% of the mill residues were already utilized. However,
utilization of logging residues in a few mills indicated a lack of interest, or infrastructure,
to utilize logging residues for electricity production. Future research should examine why
only a few mills think of logging residues as a viable energy source and why many of
them are reluctant to utilize logging residues. Results also indicated that mills tended to
be more likely to utilize logging residues in states that had favorable policies to promote
a bioenergy industry. Thus, various policy instruments supported by federal, state, and
local government such as equipment upgrade subsidies and incentives, renewable energy
credits, tax breaks, financing and contracting, rules and regulations, and education and
consultation services might help increase utilization of logging residues in Alabama,
Arkansas, Louisiana, Mississippi, and Oklahoma, which ranked low in terms of
bioenergy business environment.
This study has several limitations that might affect the precision of estimates.
First, it used Euclidian (straight) distances, which do not reflect actual hauling distances
and time. Second, the study did not account for available processing mill capacities,
logging residues prices, and other factors limiting utilization of logging residues such as
those related to procurement, storage space, and suitable equipment. Further investigation
of these factors will help better explain mill willingness to utilize additional logging
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residues. Third, this study did not look at the distribution of other bioenergy facilities or
co-firing power plants that might be interested in the utilization of logging residues.
5.6

Conclusions
This study provides insight on how the geospatial location of a mill and proximity

to geographical features such roads, rivers, forests, cities, and other mill types was related
to its willingness to utilize additional quantities of logging residues to produce electricity.
A proximity to major roads; sawmills; pulp, paper, and paperboard mills; and, post mills
was associated with a greater probability that a mill will be willing to utilize additional
logging residues for electricity production. Proximity to rivers and forests had a negative
association with mill willingness. Therefore, decision-making and policy formulating
process should also consider spatial factors in increasing utilization of logging residues.
Also, with a relatively smaller number of mills engaged in the utilization of logging
residues for electricity production, specific policies and incentives are needed to increase
utilization of woody biomass, such logging residues, for bioenergy purposes. Such
incentives should include regulations facilitating utilization of woody biomass and
financial instruments such as tax breaks, subsidies, grants, and low-cost financing
options. Additionally, improvements in transportation networks as well as identification
of most interested and spatially suitable mills for logging residue utilization will help
increase the utilization of logging residues.
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CHAPTER VI
CONCLUDING REMARKS
The United States’ goal to generate 16% of its energy from renewable sources by
2025 largely depends on an increased utilization of biomass such as woody residues to
produce bioenergy. To increase the utilization of woody residues for bioenergy purposes,
it is necessary to engage forest products industry, bioenergy facilities, co-firing plants,
and other biomass utilizers. It is also important to understand that different factors related
to certain mill production profiles, costs of recovering logging residues, and procurement
factors, as well as the location of mills in relation to roads, rivers, forests, cities, and other
mills, can impact the feasibility of utilizing woody residues for bioenergy purposes.
Chapter II provided insights into changes in utilization of woody residues for
bioenergy production due to variations in processing capacity and mill type, equipment
upgrades to produce electricity, and mill opinions related to different factors limiting
utilization of logging residues. Capacity improvements in specific mill types, such as
pulp, paper, and paperboard mills and composite products mills are more likely to
increase the utilization of woody residues because these mills were more interested in
electricity production from logging residues and their infrastructure was better suited for
such purposes. The results will be useful in identifying potential mill types, processing
capacity groups, and mills interested in woody residues utilization for bioenergy
purposes. Although almost all mill residues were reportedly used for various purposes,
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the study found that almost half of woody residues produced at mill site were not utilized
for bioenergy and can potentially be used as a feedstock for bioenergy production if
doing so would produce greater cost savings than current non-bioenergy uses.
Improvements in the processing capacity, equipment upgrades to utilize woody residues,
mill willingness to utilize logging residues, lower transportation cost of logging residues
will be essential increasing utilization of woody residues.
Chapter III provided insights on how different mill characteristics and limiting
factors affected utilization of woody residues for bioenergy production. The marginal rate
of utilization of woody residues for bioenergy increased with increasing processing
capacity indicating larger capacity upgrades and/or upgrades in larger mills will be more
effective compared to smaller capacity mills. Upgrades to produce electricity had an
impact on utilization of woody residues. This study also confirmed a negative impact of
high transportation costs on the utilization of logging residues for bioenergy purposes.
Similar to the finding of the first study, there must be a focus on capacity improvement,
equipment upgrades to produce electricity from logging residues, and reductions in
transportation costs of logging residues to increase overall utilization of woody residues
for bioenergy purposes in the southern United States.
Currently, almost all mill residues are utilized for various bioenergy and nonbioenergy purposes and mills will need additional woody feedstocks to increase
bioenergy production. Construction and urban woody wastes were not produced in
sufficiently large quantities to serve as sustainable feedstocks for bioenergy production.
Thus, two studies were developed to determine mill willingness to utilize logging
residues as feedstock to produce electricity. Chapter IV provided insights on the impact
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of mill production characteristics, procurement attributes, and limiting factors on mill
willingness to utilize additional logging residues to produce electricity. Although, the
majority of the mills utilized woody residues for bioenergy purposes in the southern
United States, a relatively small number of mills used logging residues indicating
potential challenges associated with its utilization to produce electricity. However, some
mills were willing to utilize additional logging residues to produce electricity. The study
found that additional logging residue utilization can be achieved at mills with a higher
utilization of woody residues and anticipated upgrades to produce electricity. However,
increased amounts of disposable mill residues and mill concerns over a lack of storage
space decreased mill willingness to utilize logging residues to produce electricity. In
contrast to existing research, mill concerns towards high transportation costs of logging
residues did not have an impact on mill willingness to utilize additional logging residues
to produce electricity.
Chapter V provided insights on impacts of major geospatial factors on the
probability that a mill will utilize additional logging residues to produce electricity.
Findings suggested that not all mills had the same probability of utilizing additional
logging residues. A mill in a close proximity of major road system; sawmill; pulp, paper,
and paperboard mill; and a post mill had a higher probability of utilizing additional
logging residues. Proximity to a river and forest had a negative impact on mill
willingness to utilize logging residues. These findings will help identify mills with a
higher probability of utilizing logging residues to produce electricity.
All four studies determined that only a few mills were engaged in the utilization
of logging residues, although previous studies have advocated and found this feedstock to
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be recoverable and potentially available for bioenergy production. While almost all mill
residues are already utilized and urban and construction woody waste does not seem to be
viable feedstock options, this study estimated and prioritized how and where logging
residues can be utilized for bioenergy purposes, with an emphasis on electricity
production. Economic feasibility of increasing utilization of logging residues should be
further analyzed to identify a broader range of possible utilizers of logging residues such
as power plants, co-firing plants, and other bioenergy facilities.
This dissertation research has several limitations. The scope of the study was
limited to primary forest products manufacturers in 12 states of the southern United
States. Further study on utilization of woody residues by other bioenergy facilities, cofiring plants, and power plants in the southern United States will help more precisely
estimate the economic feasibility of utilizing logging residues as a bioenergy feedstock.
Only a few mills provided useable responses to questions related to procurement factors
and, therefore, this number of observations was not sufficient to facilitate an econometric
analysis. Inclusion of these factors would produce results that are more accurate and help
better understand the importance of these factors in increasing utilization of logging
residues. Likewise, there were two separate studies including cross-section and spatial
analyses in this research. However, analysis accounting for both cross-section and spatial
data in a single model would lead to a better understanding of mill behavior towards
utilization of woody residues and logging residues to produce bioenergy.
This study filled a knowledge gap in previous research by conducting regional
analyses of utilization of woody residues, including mill and logging residues, by the
primary forest products manufacturers in the southern United States. Findings will be
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helpful to the stakeholders, policy makers, and strategic planners in decision making,
strategic planning, identifying the most suitable locations for additional utilization of
woody biomass, prioritizing bioenergy investments, and guiding future bioenergy
policies.
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