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ABSTRACT

Improving energy resilience, especially for rural communities, is a political, economic, and ecological priority,
involving shifting energy portfolios away from fossil fuel dominance, reducing the environmental footprint of
energy production and transmission, and localizing production and supply systems. In the Appalachian region,
bioenergy systems, especially those involving woody biomass, may be key to improving energy resilience.
However, because of its low population density and rugged topography, the region presents challenges to
implementing biomass-based energy systems. This study was designed to identify critical infrastructure sites in
Appalachian Kentucky with sufficient regional woody biomass supply to support reliable electricity generation.
First, spatial analysis prioritized optimal biomass transportation distance, identifying 19 critical infrastructure
sites in a region with feedstock supply suitable for a 100kWh unit, 4 of which were suitable for a 2MWh pro-
duction unit. Second, economic analysis suggests that implementation of a woody biomass-based energy system
in this region could have overall positive economic impacts. Future studies should elucidate in greater detail the
local and regional economic impacts at each candidate site identified in this analysis, considering additional costs
such as start-up and maintenance, and theoretical policy and incentive frameworks such as carbon emissions
targets and subsidies.

1. Introduction

1.1. Energy resilience in rural communities

3) capable of long-term operation without outside assistance (e.g., local
supply chain and workforce),

4) easily shut off if not needed,

5) safe for humans and the environment, and

In a world facing climate change and associated increasing frequency
of natural disasters, minimizing vulnerabilities of critical infrastructure
is a high priority. “Energy resilience” addresses the need for dependable
production and transmission of electricity, even in the face of devas-
tating circumstances, such as natural disasters. According to McLellan
et al. (2012), energy resilient communities have energy production
infrastructure that meets the following criteria:

1) dependable, uninterrupted operation (or reliable backup operation),
2) not vulnerable to disasters,

* Corresponding author.

6) adaptable to meet dynamic energy needs (location, amount, and
time).

While energy production and provision in the U.S. has historically
been dominated by fossil fuels, Valentine (2011) observes that fossil-
fuel-dependent energy infrastructure is increasingly non-resilient,
faced with challenges of fuel (and waste) supply and cost. Due to their
low population densities and remoteness (i.e., long electricity trans-
mission distances), rural communities are vulnerable to disrupted power
supply and are increasingly the focus of innovative decentralized
community-based energy production and management systems to
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improve rural energy resilience (van Hoesen and Letendre, 2010; Hicks
and Ison, 2011; Hoffman et al.,, 2013). Valentine (2011) highlights
renewable energy as a priority sector for development of energy resil-
ience, and the U.S. Department of Energy has placed particular emphasis
on wood waste as a renewable energy feedstock (USDOE, 2004).

Sawmills produce a significant amount of waste, including coarse (e.
g., chips, slabs, edgings, trims, cores), fine (sawdust, shavings) and bark
residuals. Sawmills close to or vertically integrated with residual pro-
cessing facilities (e.g., pellet plants, pulp and paper mills, etc.) have
greater opportunity for marketing residuals, while transportation costs
may be prohibitive for sawmills operating at a distance from such fa-
cilities. In 2015, Kentucky sawmills reported that over 56,600 m° of
residuals went unused, composed of 5860 m? of bark, 4870 m? of coarse
residuals, and 47,510 m® of fine residuals (USDA, 2018). Sawmills have
limited space for stockpiling residuals on-site, and production can be
hindered by over-accumulation of residuals; thus, convenient and
economically viable disposal options for sawmills are essential. Mills
with limited options for marketing residuals may be forced to pay
disposal fees (e.g., landfill tipping fees) for unused residuals. Develop-
ment of wood-residual-fired bioenergy production systems may present
economic opportunity in these scenarios by mitigating disposal costs for
sawmills.

In addition to energy vulnerabilities, rural areas often also suffer
from economic vulnerabilities, including low job availability, high
commute distance, and poor internet service. These difficulties are
characteristic of the Appalachian region of the Eastern U.S, one of the
most economically depressed regions in the country. In fiscal year 2022,
the Appalachian Regional Commission (ARC) classified 39 Kentucky
counties as among 81 economically distressed counties in the Appa-
lachia (ARC, 2021). The economic situation in Appalachia is driven by
the decline of the region’s coal extraction and processing industry in
recent decades (Freudenburg, 1992; Mcllmoil and Hansen, 2010; Deaton
and Niman, 2012). The region would benefit from economic diversifi-
cation, and the bioenergy industry may present such economic oppor-
tunity (Law and McSweeney, 2013; Lobao et al., 2016; Taylor et al.,
2017). Kentucky’s rural communities, especially in Appalachian eastern
Kentucky, are particularly needful of energy resiliency, and markets for
residuals and low-quality wood. Community energy and economic
resilience in Appalachian Kentucky may be improved if the high vol-
umes of underutilized forest industry residuals are channeled into en-
ergy production.

1.2. Economic constraints and impacts of woody bioenergy

Successful establishment of bioenergy systems based on wood re-
siduals is constrained by high biomass transportation costs, low existing
electricity costs, competing markets for wood residuals, and high initial
infrastructure establishment costs (van den Broek et al., 2001; Saidur
et al., 2011; Espinoza et al., 2015). Alleviating any of these constraints
can significantly improve the feasibility of the system. For example,
transportation costs represented 21-33% of total delivered costs of
biomass feedstock in a West Virginia study (Wu et al., 2011). Biomass
transportation costs can be minimized by strategically locating bio-
energy facilities with respect to standing timber slated for biomass
harvest (Viana et al., 2010; Zambelli et al., 2012), or integrating with
existing wood-based industry, such as sawmills, pulp, and paper
(Korhonen et al., 2001; Andersson et al., 2006; Gavrilescu, 2008; Wet-
terlund et al., 2011; Murphy et al., 2015). Low electricity costs con-
straints can be overcome when renewable energy targets are mandated
by policy (Mcllveen-Wright et al., 2001).

Cost-effectiveness of wood-residual based bioenergy systems de-
pends on availability of markets for wood residuals (i.e., chips, sawdust,
and bark). Generally, woody bioenergy is less feasible when residuals
markets are competitive (e.g., Junginger et al., 2001; van den Broek
et al., 2001; Viana et al., 2010). However, when alternative markets are
not competitive, such as when distances from sawmills to processing
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facilities present prohibitive transportation costs, sawmill residues are a
waste product and a potential economic liability, and bioenergy markets
can present opportunities to offset disposal costs (USDOE, 2004;
Korhonen et al., 2001; Dornburg and Faaij, 2001; MacFarlane, 2009).

Feasibility of wood-fired bioenergy can be complicated by high
startup costs and long payoff periods (Espinoza et al., 2015). Initial in-
vestment costs can be minimized by optimizing use of existing infra-
structure, such as in co-firing wood biomass with coal in existing power
plants (van den Broek et al., 2001; McGowin and Wiltsee, 1996; Hughes,
2000) and through policy-mandated subsidies (Leino et al., 2016).
Additionally, while economies of scale support the implementation of
larger units in some cases (Dornburg and Faaij, 2001), the use of small-
and micro-scale units, such as combined heat and power units (CHP), are
increasingly of interest to provide small-scale industrial heat and elec-
tricity demands while offsetting energy costs (Dong et al., 2009). These
systems are more likely to be feasible when associated with a steady
feedstock supply and consistent heating and power demands (lakovou
etal., 2010; Quesada-Pineda et al., 2016). Critical infrastructure, such as
hospitals, could be priority sites for establishment of such resilient en-
ergy production infrastructure, given their high energy demand and
need for uninterrupted power supply.

If these economic constraints can be alleviated, development of
wood-based bioenergy is likely to have positive economic impacts.
Perez-Verdin et al. (2008) found that the recovery of 4 million dry tons
of woody biomass annually would create 585 direct jobs, 481 indirect
jobs, and contribute $152 million of gross output to Mississippi’s
economy. In East Texas, Gan and Smith (2006) concluded that the
electricity generation from woody biomass could generate about 1320
jobs and contribute about $352 million in total output. According to
Saul et al. (2018), the development of forest-based bioenergy in the
Northwest USA would contribute about $152 million annually and
generate about 2.382 jobs in the region. In addition to economic im-
pacts, renewable energy industry is associated with positive social im-
pacts and increased social capital when compared to fossil-fuel based
industry (Hicks and Ison, 2011; Evans et al., 2010).

1.3. Ecological impacts of woody bioenergy

Finally, development of bioenergy industry may present opportunity
for positive ecological impacts in the central Appalachia hardwood re-
gion. The region’s rich forests have experienced a shift in species
composition over time, driven by resource extraction (Drummond and
Loveland, 2010; Maxwell et al., 2012), poor management, and invasive
species (Anagnostakis, 2001; Hansen et al., 2001; Clarke et al., 2016).
These impacts have led to lower-value forests with increasing stocks of
unmarketable timber. This high volume of standing unmarketable tim-
ber presents increased risk of devastating forest fires (Hudson, 2018),
reduced forest ecological value, and reduced forest economic value.

For example, white oak (Quercus alba) has significant timber value
and it is the only wood that can be used to make barrels for bourbon
aging. The recent boom in the bourbon industry has increased pressure
on standing white oak following increased demand for white oak bar-
rels. However, managers and researchers have noted that white oak
regeneration in forests is not keeping pace with demand and argue that
woodland owners must employ intentional silviculture to promote white
oak regeneration. While these practices can be economically infeasible
for private forest landowners in Kentucky, markets for low-value
standing timber may incentivize silvicultural practices leading to
improved white oak regeneration, and improved overall ecological and
economic value (Hjerpe and Kim, 2008; Catron et al., 2013).

The use of bioenergy also presents greenhouse gas emission benefits,
reducing carbon emissions by offsetting fossil fuels with carbon-neutral
biomass (MacFarlane, 2009; Hughes, 2000; Kelsey et al., 2014). In
certain cases, bioenergy markets may support reforestation of marginal
or underutilized land (Haddad et al., 2017; Huang et al., 2012). In the
Appalachian region, an estimated 600,000 ha of currently unmanaged
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reclaimed surface mined lands could be reforested to support wood-
based bioenergy and tremendous carbon sequestration (Zipper et al.,
2011a; Zipper et al., 2011b; Amichev et al., 2008).

1.4. Policy as a driver of bioenergy implementation

As mentioned above, some of the economic barriers to implementing
wood bioenergy can be alleviated through policy mechanisms to reduce
startup costs or make bioenergy-based electricity more competitive
economically (Leino et al., 2016; Mcllveen-Wright et al., 2001). How-
ever, policy-driven changes in wood-based bioenergy markets can have
unintended economic and ecological consequences. For example, Abt
et al. (2010, 2012) found that regional policy mandating increased en-
ergy from renewable sources can increase competition for timber, if
waste wood supply is exceeded, driving up timber prices. If scaled up to
global implementation, as Raunikar et al. (2010) caution, large-scale
and long-term increases in woody bioenergy implementation could
drive up fuelwood prices until they reach parity with roundwood prices
and begin diverting roundwood into energy markets. The economic ef-
fects of this would ripple through timber and timber products markets.
Similarly, while wood bioenergy has been hailed as a “green” energy
solution, and is expected to decrease net greenhouse gas emissions
(Galik et al., 2015), others have noted that management for bioenergy
could conflict with management for biodiversity conservation
(Soderberg and Eckerberg, 2013), and still others note that bioenergy
does not always lead to net decreases in emissions (Kallio et al., 2013).
Thus, bioenergy policy should work to mitigate potential negative eco-
nomic effects through prioritizing use of wood residuals and/or other-
wise unmarketable timber, rather than roundwood, and minimize
negative ecological effects by limiting incentives for bioenergy harvests
from forests of conservation value and ensuring proper forest manage-
ment (Sedjo and Tian, 2012), alongside community engagement (Shivan
and Sayeed, 2010).

Based on US Energy Information Administration (EIA) data, total
annual energy production from renewable sources in the US has
increased steadily from 9.768 quadrillion BTU in 2015 to 12.320
quadrillion BTU in 2021 (US EIA, 2022a). The share of renewable energy
production provided by biomass, however, has declined over the same
period from 51.5% to 40.5%, as solar and wind sources become
increasingly important in the renewable energy portfolio. Consistent
with the decreasing share of total renewable energy provided by bio-
energy, wood-based bioenergy in particular has declined from 23.7% of
total renewable energy production in 2015 to 17.9% in 2021 (US EIA,
2022b). In January 2021, President Biden identified climate change
mitigation as a central goal of his administration and outlined targets for
clean energy technology development and implementation (Exec. Order
No. 14008, 2021). Federal incentives for renewable energy develop-
ment, including bioenergy development, are also a key component of the
Inflation Reduction Act of 2022 (Inflation Reduction Act, 2022). In
addition, as of 2020, 38 states and the District of Columbia had targets
for renewable energy implementation, with several states planning for
100% renewable energy portfolios by 2045-2050 (DSIRE, 2020).
Notably, several states in the southeastern US, including Kentucky, have
not established renewable energy portfolio standards.

This study identified priority sites for potential establishment of
wood-residuals fired CHP plants, as determined by proximity to both
critical infrastructure sites (e.g., hospitals) requiring energy resilience
and residuals production sites (e.g., sawmills) as a feedstock supplier.
Once optimal sites were identified, this study investigated economic
feasibility on a local scale, as well as economic impacts on a regional
scale.
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2. Research methods
2.1. Study area

The Appalachian counties of Kentucky (as designated by the Appa-
lachian Regional Commission) with relatively homogeneous land cover
(Bai et al., 2019) were selected as the target region for this study, which
included: Bath, Bell, Boyd, Breathitt, Breathitt, Carter, Clark, Clay,
Elliott, Estill, Floyd, Greenup, Harlan, Jackson, Johnson, Knott, Knox,
Laurel, Lawrence, Lee, Leslie, Letcher, Madison, Magoffin, Martin,
Menifee, Montgomery, Morgan, Owsley, Perry, Pike, Powell, Rockcastle,
Rowan, Whitley, and Wolfe. These 36 counties have a thriving forest
industry, with many primary forest industry facilities spread across the
region. These counties are also mostly rural and mostly impoverished,
thus meeting project criteria for investigating economic and energy
resilience.

2.2. (Critical infrastructure

Critical infrastructure facilities, including hospitals and emergency
services (e.g., police, fire, Emergency Medical Services) were selected as
potential sites for establishment of a wood-fired CHP unit. These facil-
ities were selected because of their need for reliable, uninterrupted en-
ergy supply. Location (coordinates and address) data for critical
infrastructure facilities were obtained from the Emergency Personnel
Location Route Finder project (https://loggingeplroutes.ca.uky.edu/).
Because of their high-power demand, hospitals were prioritized for
further analysis. Annual electricity usage for hospitals was estimated as
follows: number of beds in each hospital were accessed through the
Kentucky Geonet database (DGI 2018), then hospital building area (m?
was estimated from number of beds using a conversion factor of 230 m?
per bed (Fricke, 2017) and converted to estimated energy consumption
using an estimated 270 kWh/m? (Grumman/Butkus Associates, 2017).

2.3. Sawmill locations and residuals production

The University of Kentucky Forestry Extension Service and Kentucky
Division of Forestry cooperatively maintain a database of primary and
secondary wood industry facilities in Kentucky (https://forestry.ca.uky.
edu/wood-directory). This database includes facility locations and self-
reported timber product outputs. Primary forest industry facilities
(sawmills) within the study region were selected from this database.
Sawmills with lumber drying kilns were excluded from the study
because wood residuals are typically consumed onsite. Some sawmills
did not report residuals production; for each of these facilities, residuals
production was estimated as the average residuals production from
reporting sawmills of the same production level.

2.4. Standing unmarketable biomass

In addition to wood industry residual production, available biomass
as standing unmarketable timber (i.e., low-grade) was estimated using
the USDA Forest Service Forest Inventory Analysis (FIA) data (US
Department of Agriculture (UDSA), 2019). If a CHP unit was established
at a given site, standing unmarketable biomass may provide an impor-
tant buffer to biomass supply, ensuring constant and adequate biomass
feedstock availability (Iakovou et al., 2010). To estimate available
biomass of unmarketable timber, FIA survey data from one complete
survey cycle (trees inventoried between 2000 and 2004) were analyzed.
Briefly, for each plot in the study region, trees <12.5 in. DBH and trees
classified as “rough cull” or “rotten cull” were identified as unmarket-
able timber. While not all trees <12.5 in. DBH will be truly unmarket-
able (e.g., some will be young trees of desirable hardwood species), the
understory and midstory of Appalachian forests is often dominated by
undesirable or unmarketable species that must be removed to release
more valuable species, such as oaks (Abrams, 2003). Biomass of


https://loggingeplroutes.ca.uky.edu/
https://forestry.ca.uky.edu/wood-directory
https://forestry.ca.uky.edu/wood-directory

K. Sena et al.

unmarketable trees was estimated for each plot and expressed as a
percentage of total biomass. These low-grade estimates were scaled up
to the county level by averaging % low-grade biomass across the plots
within each county (finest possible scale, because USFS uses “fuzzy”
location coordinates for each plot). Using the USDA Forest Service
biomass raster (Blackard et al., 2008; USDA-FS, 2019), which reports
biomass in Mg/ha for each 250 m? cell, total biomass (Mg) was calcu-
lated for each cell. Then, for each county, the total biomass per cell was
converted to estimated unmarketable biomass per cell by multiplying by
the average % unmarketable biomass for the given county. The total
available unmarketable biomass (618,000 metric green tons, or 309,000
metric dry tons) for the study region was calculated by summing the
estimated available biomass in each cell within the region, and this
value was used for region-wide economic analyses as described below.

While we estimated the biomass of standing unmarketable timber,
we emphasize that our downstream analysis identifying priority sites for
establishing a wood-fired bioenergy unit was based on residuals avail-
ability and proximity—standing unmarketable timber was treated as a
supplemental fuel only. As described above, policy increasing bioenergy
production can have unintended consequences for forest conservation
and timber and timber products markets—we believe that our focus on
otherwise unused residuals as a feedstock mitigates these unintended
consequences.

2.5. Transportation costs

Because transportation cost is one of the greatest constraints on
bioenergy feasibility, transportation distance and time from point of
residual production (sawmill) to nearest point of combustion (e.g.,
theoretical CHP unit on site at a hospital) was estimated. Transportation
distance and time estimates were obtained by sending requests to
Google’s Distance Matrix API (application programming interface).
Each request included the origin address (mill location in latitude and
longitude) and the destination address (critical infrastructure latitude
and longitude). The JSON (JavaScript Object Notation) responses from
the distance matrix API were parsed to retrieve distance and travel time.
Estimated transportation costs were calculated from travel time,
assuming a truck rental rate of $80/h (Conrad and Joseph, 2018).
Transportation costs for standing unmarketable biomass were estimated
using a similar approach: available unmarketable biomass was scaled up
to 1000 m? cells, and transportation distance and time were estimated
from the center of each cell to the nearest infrastructure facility, using
Google’s distance matrix API, as described above.

2.6. Biomass feedstock supply estimates

Two candidate CHP units were selected to model annual feedstock
supply requirements under two power supply scenarios—100 kW and 2
MW. Assuming that installation of a CHP unit would only make sense for
facilities with high enough power demands to warrant consistent oper-
ation, facilities using enough power to run a CHP unit for at least 5 days
per week were selected. Power production and associated biomass
consumption rates were estimated using data from King (King, 2014) for
these scenarios. For the 100 kW CHP unit, 3029 bdt of biomass were
required to produce 876 MWh yr !, resulting in 289.2 kWh yr ! per bdt.
On the other hand, the 2 MW CHP unit required 19,089 bdt of biomass to
produce 17,520 MWh yr~!, thus resulting in a much higher energy
generation efficiency of 917.8 kWh yr~! per bdt. Next, the ten closest
sawmills to each facility were identified. Annual residuals production
(bdt) for each of these sawmills was converted to truckloads of biomass
using the conversion factor (23.6 bdt/truckload). The system was
assumed to be economically infeasible if the cost of shipping biomass
from point of origin (e.g., sawmills) to point of combustion (e.g., hos-
pital) exceeded the cost of purchasing the same amount of electricity
from the grid, estimated based on average electricity prices of $0.0873/
kwh. The system was also assumed to be infeasible if the neighborhood
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biomass supply (e.g., biomass from the 10 nearest mills) was insufficient
to meet minimum operating thresholds (5 days/week operation).

2.7. Regional economic impacts analysis

Region-wide economic impacts of establishment of wood-based
bioenergy systems were modeled using computable general equilib-
rium (CGE) models. CGE models have been widely employed to study
economy-wide impacts of natural resource policies because of their
many advantages over other analytical tools (Gillespie et al., 2001;
Rickman, 1992; Robinson and Roland-Holst, 1988). CGE models are a
class of economic models that use economic data, usually in the form of
an input-output table or social accounting matrix (SAM), to estimate
how an economy might react to changes in investments, policies, mar-
kets, technologies, or other such factors (Miller and Spencer, 1977;
Shoven and Whalley, 1972; Johansen, 1960). CGE models endogenize
the price and demand system; enable substitution in production and
demand; provide a more realistic treatment of factor scarcity, in-
stitutions, and the macroeconomic environment; and allow for optimi-
zation of agent behavior (Banerjee and Alavalapati, 2010, 2014). CGE
models can capture in detail sectoral reactions and the resulting struc-
tural changes and feedback effects. Because of these characteristics, CGE
models are well-suited for the study of bioenergy development and
policies (Haddad et al., 2017; Huang et al., 2012; Furtenback, 2011; Lu
et al., 2010; Laitner et al., 2006; Binkley et al., 1994; Bergman, 1988).

2.7.1. Theoretical CGE model

This study used a CGE model originally developed by Lofgren et al.,
2002 and later customized by Holland et al. (2007) to be compatible
with the IMPLAN (IMpact analysis for PLANning) dataset. The model is
deterministic in nature with assumptions of small-open-economy and
constant returns to scale technology. Producers maximize profits subject
to constant returns to scale technology with three factors of production
(labor, capital, and land). Households, government, and the rest of the
world (and rest of the U.S. separately) are the major institutions in the
model. Households consume different commodities through maximiza-
tion of a Stone-Geary Utility function (a Linear Expenditure System
(LES) function) subject to its disposable income constraint (Stone,
1954). Fig. 1 shows the production structure of the model.

Consumer demand between domestic and imported goods is deter-
mined through a constant elasticity of substitution (CES) Armington
specification (Armington, 1969). The Armington specification allows
consumers to discriminate between domestically produced and im-
ported goods. The CES function assumes domestic and imported goods
are imperfect substitutes. Each sector produces a composite commodity
that is transformed through a constant elasticity of transformation (CET)
function into a commodity sold on the domestic market or exported. The
CET function assumes imperfect substitutability between products pro-
duced for the domestic and export market. As is routine with any CGE
model, standard closure rules specifications are employed to achieve
equilibrium in all markets. The model was solved using the General
Algebraic Modeling System (GAMS) software as a Mixed Complemen-
tary Problem (MCP) using the PATH solver (GAMS, 2012). Detailed
model description is in Supplementary Information file attached sepa-
rately with model sets, parameters, equations, variables, and equations.

2.7.2. Database and CGE model calibration

SAM is the basic accounting structure and data required to imple-
ment a CGE model. A SAM is a comprehensive statistical representation
of an economy at a particular point in time, usually one year. It is a
square matrix with matching row and column accounts, where each cell
in the matrix shows a payment from its column account to its row ac-
count. Major accounts in a standard SAM are the following: activities
that carry out production; commodities (goods and services) that are
produced or imported and sold domestically or exported; factors used in
production (labor, capital, land, and other natural resources); and
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Fig. 1. Production technology tree for regional CGE model in U.S. (Authors’ illustration).

institutions such as households, government, and the rest of the world
(Pyatt and Round, 1985; UN, 2008). The Eastern Kentucky SAM dataset
for this project was purchased from Minnesota Implan Group (IMPLAN)
that produces annual SAM data by county. Other required data and
parameters (such as elasticities) for the CGE model were obtained from
literature sources.

The SAM database used for this study is the 2017 baseline aggregate
of the IMPLAN dataset for the 36 eastern Kentucky counties in the study
region, which has 332 total industries (sectors) out of 536 potential total
industries. To narrow down to the sectors of interest for this analysis, the
332 sectors present in the regional SAM were aggregated into 12 sectors
using sectoral mapping and aggregator algorithms in GAMS: agriculture,
logging, bioenergy electricity generation, all other electricity genera-
tion, electric power transmission and distribution, natural gas distribu-
tion, coal mining, wood products manufacturing, transportation, other
manufacturing, services, and the rest of the economy. Due to space
limitation, we cannot present the sectoral aggregation scheme here, but
this is available upon request. A summary of 2017 SAM of the study
region is presented in Table 1.

Before 2015, electricity generation (2015 IMPLAN industry code 41)
was not broken down by sources of its contributing commodities in the
Industry by Commodity account in the IMPLAN database. This made
isolating electricity production from biomass under the Industry by
Commodity account a challenging task. However, beginning with the
2015 dataset, even though electric power generation by sources are not
defined as unique commodity accounts, they are presented under the
social account balance sheet from which one can create a unique SAM.
Based on the 2017 IMPLAN database for the study region, electric power
generation from biomass (commodity code 3047) as intermediate input
is not reported.

CGE model is a comparative analysis, where the impact is the dif-
ference between the after-shock (counterfactual) level and initial
(baseline) level. Fig. 2 is a flow chart of the CGE modeling process and
experiment as was implemented in this study.

Initial (baseline) reference levels of intermediate biomass demand
for electric power production and bioenergy production (total output)
were required. Given that the regional SAM database reported zero
levels of these, we used the next-best available reference point. We
assumed that the study region had a similar share (of total energy pro-
duction) of bioenergy production levels as those reported for the entire
state of Kentucky. Renewable resources are a relatively small part of

Table 1
Eastern Kentucky 2017 SAM Summary.
Model
Information
Model Year 2017 Value Added
Empl
GRP (GDP) $24,564,794,160 P OYee $13,895,269,128
Compensation

Total Personal

$27,052,150,000 Proprietor Income $1,147,785,546

Income
Total 356,444 Other Property $7,638,859,007
Employment Type Income
T: P i
ax on Production $1,882,880,479
and Import
Number (?f 332
Industries
L Aj .
and Area (Sq 11,817 Total Value Added: ~ $24,564,794,160
Miles)
Area Count
(Counties) 35
Final Demand
Population 851,459 Households 25,991,130,080
Total State/Local
2 2,82
Households 339,279 Government $4,872,829,048
Average
Household $79,734 Federal $973,679,674
Government
Income
Capital $5,282,147,607
Trade Flows Trade Flows
Method Model Exports $21,838,934,660
Model Status Social Accounts Imports ($33,279,184,404)

Institutional Sales ($1,114,742,305)
Economic Indicators
Shannon-Weaver 0.7397 Total Final

Index: Demand: $24,564,794,361

Note: Totals of value added may not equal to final demand due to rounding off.

Kentucky’s energy mix, and the state has no renewable energy standard
(Durkay, 2019). About one-tenth of the renewable generation in Ken-
tucky, 0.6% of the state’s total net generation, comes from biomass (U.S.
EIA, 2019a). Consequently, we assumed a bioenergy baseline of 0.6% of
total electric energy production for the study region for 2017.

With the commodity output values available from the IMPLAN, the
intermediate and primary factor input demand for the bioenergy sector
was estimated for the 12 aggregated SAM sectors according to share
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Fig. 2. Flow chart of the CGE modeling process and experiment (Modified from Shoven and Whalley, 1984 pg 1019).

ratios (Taheripour et al., 2010; Winston, 2009; Ochuodho et al., 2019).
The 2017 IMPLAN database has nine household income classes. To
capture welfare impacts of our analysis at the household level by annual
income categories, and for simplicity, the households are aggregated
into three groups: low income (annual income less than $15,000 to
$40,000), middle income ($40,000 to $100,000), and high income
(greater than $100,000). Total input-output (row and column sums)
imbalances were created in the process of creating the bioenergy sector
from IMPLAN database. The cross-entropy procedure using GAMS al-
gorithms was used to produce a balanced final SAM (Robinson and El-
Said, 2000; Robinson et al., 2001).

Equivalent variation (EV) is used as welfare measure in this study.
Equivalent variation is a measure of both price and income effects. It
represents the change in household income at current prices that a
change in prices would have on household welfare if income were held
constant at initial level prior to any shock in the economy. It is the
amount of income that a consumer would have to be compensated with
so as to make the consumer well-off in case the economic shock was to
take place. Gross Domestic Product (GDP) is estimated at market prices.
Briefly, GDP is the total of all goods and services produced in an econ-
omy. GDP can be estimated based on factor/input cost that is needed to
produce goods and services in an economy. This is termed as GDP at
factor cost. GDP can also be estimated based on the gross value at market
prices of all goods and services produced by an economy plus taxes but
minus subsidies on imports. This is referred to as GDP at market prices.

2.7.3. Experimental shock scenarios

As described above, total available biomass (from standing unmar-
ketable timber) that can be potentially exploited cost-effectively for
bioenergy production in the study area was assessed to be about 618,000
metric green tons (309,000 metric dry tons). The economic viability for
bioenergy production from wood biomass is directly affected by among
other factors, price of biomass (dry or green). This biomass translates to
about $37.9 million at an average price of $122.62 per metric dry ton in
the U.S. South (Statista, 2019).

U.S. electricity generation from biomass across all sectors grew from
56 terawatt hours (TWh) in 2010 to 64 TWh in 2015. Much of this
growth occurred in southern states such as Virginia, Florida, and
Georgia. In 2015, electricity generation from biomass across all sectors
accounted for 11.3% of renewable electricity generation and 1.6% of

total electricity generation in the United States (U.S. EIA, 2019b). Nearly
half of the electricity generated from biomass in 2015 was at industrial
facilities outside of the electric power sector, such as pulp and paper
mills. Within the electric power sector, biomass accounted for 6.3% of
renewable electricity and 0.8% of total U.S. electricity generation (U.S.
EIA, 2019b). In 2017, U.S. renewable energy consumption stood at
12.7% of total of which 45% was from biomass (of which biomass waste,
4%; biofuels, 22%; wood, 19%) (US EIA, 2019c). This implies that
biomass waste and wood biomass contributed total of 1.9% of total
energy consumed.

As noted earlier, Kentucky ranks low among the states with respect to
the share of its energy portfolio produced by renewable energy sources.
Therefore, even with available biomass that can be economically
exploited for bioenergy production in the study region (309,000 metric
dry tons), there are still structural, market, and capacity barriers that
would hinder sudden bioenergy production. Without real and specific
economic or policy stimulus, it is difficult to simulate and assess specific
levels of increased use of biomass for bioenergy production. We set up
two experimental shock scenarios as follows:

(i) Three levels of increased intermediate demands for wood
biomass for bioenergy production (by increasing the share of
bioenergy in electric power production with broad assumptions
of existing capacities and infrastructures):

e Low: 50% increase from initial baseline
e Medium: 100% increase from initial baseline
o High: 138% increase from initial baseline

These three levels of increased intermediate demand of biomass for
bioenergy production increase share of bioenergy in electric power
production to 0.9, 1.2, and 1.4%, respectively. These shares are in the
ballpark of national averages and therefore not very hypothetical.

(ii) Three levels of increased tariff rates (indirect business tax rate in
the model) on non-bioenergy-sourced electricity production (to
incentivize reduced demand for non-renewable energy
production):

e Low: 5% increase from initial baseline



K. Sena et al.

e Medium: 10% increase from initial baseline
e High: 20% increase from initial baseline

The CGE model has been specified to enable simulation of various
scenarios, following specific policy and market triggers, including:

e Biomass transportation costs

e Prices of other energy alternatives such as coal and natural gas

o Price of electricity and electricity tariff rates

e Increased demand of bioenergy relative to other energy sources

e Renewable portfolio standards (RPS)

e Increase indirect business taxes on non-bioenergy-sourced electricity

While the model can simulate these scenarios, these should be done
in context of specific policy and market scenarios. Hypothetical simu-
lations may not produce any valuable information as they will not be
specific to a situation.

Forest Policy and Economics 145 (2022) 102847

3. Results
3.1. Spatial analysis

A total of 51 medical facilities were identified in the study area, and
the spatial analysis identified 19 eastern Kentucky hospitals as candidate
sites for establishment of a 100 kW wood-fired CHP unit, four of which
were also candidates for a 2 MW CHP unit (Fig. 3).

For the 19 selected hospitals, energy consumption ranged from
36,450 to 4725 MWh yr?, resulting in associated annual expenditures
from 3.18 to 0.41 US$ millions (Table 2). The amount of biomass re-
siduals available from the ten closest mills to these 19 hospitals (some of
which are the same for different hospitals) on average was 201,514 bdt
yr~1, ranging from 132,926 to 274,126 bdt yr~'. Based on the power
generation of 100 kW CHP, the number of units required to supply all
consumption ranged from 41.6 to 5.4 units for the largest and smallest
hospital. Based on proximity to each hospital, on average it was
economically efficient to transport and use the available residuals from
the six closest mills to supply all energy consumption (Table 2). How-
ever, for hospital 16 for example, available residuals from the closest

Candidate Hospitals
— 100kwWh CHP

2MWh CHP

3

Total Annual Mill
Residuals (Mg)
® 1021 - 5,500
@ 5,500 - 13,000
@ 13,000 - 20,000

@ 20,000 - 30,000

S
4 s
~

(-
7
7 \
/

J

- ‘ 31,000 - 81,000

A

Coordinate System: NAD 1983 2011 StatePlane Kentucky FIPS 1600 Ft US

Projection: Lambert Conformal Conic
Datum: NAD 1983 2011

Miles
0 25 50

Fig. 3. Hospitals identified as candidate sites for establishment of wood-fired CHP units, based on neighborhood wood residual availability.
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nine mills and 51% of the available residuals from the tenth closest mill
are needed to supply energy consumption. On the other hand, for hos-
pital 5, residuals from the three closest mills are needed and only 68% of
those from the third closest. The amount of residuals economically
feasible to transport to the selected hospitals was on average 125,448
bdt (range 168,909-9138 bdt) with an average transportation cost of
261,452 US$ yr’1 (range 497,259-146,176 US$ yrfl), and an average
annual saving of US$ 795,996.

For hospitals 1-4, which were also candidates for establishing the
larger 2 MW CHP unit, the number of units needed to produce all
required energy consumption was lower due to the higher energy gen-
eration efficiency. However, because of the higher biomass re-
quirements to operate at least five days a week, only these four hospitals
are sizable enough. Although for several of the smaller hospitals it is
economically efficient to use the biomass of some mills, that amount is
not enough to run the 2 MW CHP unit for less than five days a week. For
these four selected hospitals, on average 1.5 CHP units are required to
supply all energy consumption using residuals from the three closest
mills, which provide 34,223 bdt annually with a transportation cost of
US$63,413 and annual savings of about 2.27 million US$. Worth noting
is that these savings consider only transportation cost and ignore the
CHP unit establishment and operating costs.

These analyses indicate that these hospitals are located sufficiently
close to area sawmills with sufficient wood residuals production to
permit relatively low-cost biomass transportation. Because this is one of
the primary barriers to successful bioenergy implementation, this
analysis is critical for identifying candidate sites for more detailed
economic feasibility studies.

In the event that a CHP unit was established at a given site, standing
unmarketable biomass may provide an important buffer to biomass
supply, ensuring constant and adequate biomass feedstock availability
in the event of any disruption to feedstock supply from area sawmills
(lakovou et al., 2010). Our analysis found that forests in this region are,
in some cases, dominated by unmarketable, low-grade timber (Fig. 4).
While these low-grade materials may be of insufficient quality for most
standard timber applications, they could be marketed as bioenergy
feedstock material under appropriate market conditions. Thus, devel-
opment of wood-based bioenergy markets in the region could subsidize
the costs of forest management for private woodland owners, land-
owning corporations, and federal and state agencies managing public
lands.

3.2. Economic analysis

Economy-wide impacts in CGE models are generated from the gen-
eral equilibrium condition. For this reason, we cannot present impacts
on all variables (412) for all sectors (12) here. We therefore present
summarized results on key micro- and macro-economic indicators,
including net household income, regional gross product (GDP), and
household social welfare. These economic indicators represent the
overall aggregate impacts of prices and quantities of intermediate de-
mand/supply, final demand, value-added, and total output in all sectors
of the economy. Tables 2-4 summarize the economy-wide impacts on
net household income, gross regional product, and household social
welfare, respectively. The impacts are in dollar values with percentage
changes in parentheses to highlight the level of impact.

Out of the 339,279 households; 189,279, 114,623, and 35,547 were
classified under low, middle, and high-income households, respectively.
The estimated impacts reveal increase in net income of all household
categories. Moreover, low-income households experience the lowest
increase in net income with percentage increase of 0.0005, 0.0011, and
0.0024% under low, medium, and high scenarios, respectively. Pro-
jected net income impact is highest for middle income households under
all three scenarios. However, percentage increases in net income from
the baseline are slightly lower than what is observed for high income
households. Broadly, these impacts indicate that expanding the use of
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Fig. 4. Standing unmarketable (low-grade) biomass potentially available as supplemental feedstock supply to support wood-based bioenergy.
Approximately 423,000 private individuals own 78% of Kentucky’s timberland, while corporations own 13% (including 2% owned by forest industry). Nine percent

is publicly owned (including 5% in national forests) (Butler et al., 2021).

Table 3

Projected net household income in dollars*, with % change from baseline
indicated in parentheses, under modeled scenarios (increased intermediate de-
mand of biomass for bioenergy production and increased tariff rates on non-
bioenergy-sourced electricity production).

Table 4

Projected Gross Domestic Product (GDP) in dollars, with % change from baseline
indicated in parenthesis, under modeled scenarios (increased intermediate de-
mand of biomass for bioenergy production, as well as increased tariff rates on
non-bioenergy-sourced electricity production).

Household Number of Modeled Scenarios
annual income households (% of R R
oW Medium High
category total)
Low 50,186 100,503 223,824
$0-40 K 189,623 (56) (0.0005) (0.0011) (0.0024)
Medium 153,582 307,548 678,991
$40-100 K 114,110 34 (0.0016) (0.0032) (0.0071)
High 108,938 218,126 475,207
1
> $100 K 35,547 (10) (0.0021) (0.0041) (0.0090)

“ net of income taxes, savings, inter-household transfers, and overseas
transfers.

GDP Type Modeled Scenarios
Low Medium High
GDP at market prices 1,265,545 2,532,202 5,270,277
(regional GDP) (0.0052) (0.0103) (0.0215)

wood biomass for bioenergy production or increasing demand for bio-
energy in electric power generation at the expense of non-bioenergy-
sourced electricity production in rural Kentucky would benefit richer
households more than poorer households.

The reported impacts in Table 4 are based on Gross Domestic Product
(GDP) at the market prices. As expected, estimated GDP impacts
increased from the low scenario to the high scenario but the percentage
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change under each scenario was modest. For instance, under the high
scenario, 138% increase in intermediate demand for wood biomass for
bioenergy production coupled with 20% increase in tariff rates on non-
bioenergy-sourced electricity production increased regional GDP by
0.00215%. In a respective order, regional GDP increased by $1,265,545,
$2,532,202, and $5,270,277 under low, medium, and high scenarios,
respectively. These values represent marginal percentage increase of
0.0052, 0.0103, and 0.0215%, respectively under low, medium, and
high scenarios.

Household welfare is measured by equivalent variation in dollars.
Welfare impacts increase with increased intermediate demand of
biomass for bioenergy production and increased tariff rates on non-
bioenergy-sourced electricity production. However, this benefit tended
to tilt more towards medium and high-income households, which,
despite their lower proportion, get a larger share of the benefits than the
low-income category households (Table 4). For all simulated scenarios,
middle-income households received the highest welfare benefits among
the three household categories. For example, under the high scenario,
middle income households received increase welfare impacts of
$740,902 followed by high-income households and low-income house-
holds who received $508,064, and $285,770, respectively. This raises
issues of equity. Estimated welfare impacts ranged from $68,613 for the
low-income households to $740,902 for the middle-income households.
It is observed that household utility in the study region increased
marginally, ranging from 0.0001% to 0.001% with middle income and
high-income households experiencing the highest increase in utility
(Table 5).

4. Discussion
4.1. Spatial analysis

The spatial analysis identified 19 eastern Kentucky hospitals as
potentially suitable sites for establishing a 100 kW wood-biomass fired
CHP unit, four of which were also considered suitable for a larger 2 MW
unit. This analysis considered some of the most important factors rele-
vant for successful wood-bioenergy systems, such as electricity cost,
transportation distance, and potential feedstock supply, and provides
critical foundational information supporting further site-specific ana-
lyses capable of incorporating additional impactful variables (e.g.,
alternative markets for wood industry residuals, infrastructure costs,
and cost-share programs). Importantly, this analysis identified signifi-
cant biomass feedstock availability in standing unmarketable timber.
This unmarketable timber resource represents both a barrier and an
opportunity—unmarketable standing timber competes with marketable
timber for resources, especially light, and must be physically removed
from the forest to support the growth of desired marketable species. For
private landowners, this timber stand improvement can be cost-
prohibitive. Cost-sharing or subsidy programs can help alleviate this
cost barrier (Ovaskainen et al., 2006, 2017; Wang et al., 2021), but
developing a biomass market for otherwise unusable standing timber
could also successfully transform this challenge into an economic op-
portunity (Dulys-Nusbaum et al., 2019). As of March 2022, the average
price for roundwood or pulpwood as biomass feedstock was $31.65/ton

Table 5

Modeled social welfare impacts (in equivalent variation $), under modeled
scenarios (increased intermediate demand of biomass for bioenergy production,
as well as increased tariff rates on non-bioenergy-sourced electricity
production).

Household annual Number of Modeled Scenarios

income category households (% of Low Medium  High
total)

Low ($0-40 K) 189,623 (56%) 68,613 137,276 285,770

Medium ($40-100 K) 114,110 (34%) 172,005 344,325 740,902

High ($ > 100 K) 35,547 (10%) 118,715 237,650 508,064

10
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(Statista, 2022). A conservative estimate of available biomass in stand-
ing unmarketable timber for this region (based on Fig. 4) is 16 tons/ac
(assuming 70 metric tons of woody biomass per ha, half of which is
unmarketable). Depending on many variables, especially transportation
distance, this market for otherwise unmarketable standing timber might
make timber stand improvement more economically feasible for land-
owners. Given these data, it is likely that development of a wood bio-
energy industry in eastern Kentucky could reduce costs (and thus
improve profits) for primary wood industries without existing residuals
markets, as well as subsidize costs of silvicultural practices for hardwood
timber stand improvement by providing a market for otherwise low-
value or unmarketable timber species.

4.2. Economic analysis

A static CGE model was used to examine the potential economic
impacts of increasing woody biomass for bioenergy or electricity pro-
duction in the Appalachian region of Kentucky. It is observed that
increased supply of woody biomass for bioenergy production at the
expense of non-renewable energy sources increased net income of
households marginally. Moreover, the analysis reveals a dispropor-
tionate net income impact between low-income and high-income
households as high-income households experienced higher increase in
net income relative to low-income households. Furthermore, increased
intermediate demand of woody biomass for bioenergy production
increased welfare impacts across all income categories. High income
households received larger welfare impacts. Consequently, high-income
households experienced a larger increase in utility.

It was observed that increased intermediate demand for woody
biomass for bioenergy production led to increased supply price of
commodities like agriculture, logging, wood product manufacturing,
and bioenergy electricity generation (except for the low scenario).
Supply price of commodities like natural gas and all other electricity
generation reduced as a result of reduced demand following increased
supply of bioenergy. The disproportionate impacts among the house-
holds by income categories could partly be attributed to these price
impacts (Huang et al., 2012). Huang et al. (2012) found a decline in
utility among low-income households following expansion of bioenergy
production. They explained this could be resulting from a negative
substitution effect which is greater than positive income effect, resulting
from the increase in commodity supply prices like agriculture, logging,
and pulp mill sectors. Though decline in net income or utility was not
observed in this study, the small positive impact on low-income
households can be explained by a negative substitution effect which
was greater than the positive income effect due to increase in some
commodity supply prices like agriculture and logging sectors. Further,
the effect of increase in biomass supply on increase in commodity prices
like agriculture and logging could place a higher burden on low-income
households due to their higher dependence on agriculture and forest-
related sectors relative to higher income household group. The dispro-
portionate income impact can also be attributed to increase in income
inequality among households.

Rural economic development policies that are intended to bridge
income inequality gaps among households should be targeted to ensure
low-income households do not suffer the unintended consequences of
such policies as we have seen in this study where low-income house-
holds benefit the least from economic impacts disproportionately fa-
voring high-income households. Low-income households could be
provided with some form of financial assistance to cushion them from
suffering extreme welfare losses. For example, they could be provided
with some form of subsidies on energy-efficient appliances and home
insulations to reduce their expenditures that may arise due to price in-
creases. In this study, there is increase in bioenergy electricity prices
under the medium and high scenarios. Specifically, expansion of woody
biomass for electricity production under the medium and high scenarios
increased the commodity supply price of bioenergy electricity
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generation by 0.016% and 0.056%, respectively. This would reduce
utility of low-income households disproportionately relative to high
income households.

Results show that increased biomass use for electric power genera-
tion would increase regional GDP, albeit marginally. A similar result was
reported by Hodges et al. (2010) who used a CGE model to simulate
expansion of biomass for bioenergy production in Florida that resulted
in 0.32% increase in GDP. Similarly, Huang et al. (2012) reported a
modest increase in GDP in Florida following an expansion of forest
bioenergy production. Overall, our results are within the ballpark range
of other related studies on the positive impact of woody biomass for
bioenergy expansion on economic growth in southeast U.S. Increase in
welfare impacts in our study partly conforms with Huang et al. (2012)
who used a CGE model to investigate economic-wide and welfare im-
pacts of increased forest bioenergy production in southeast U.S. The
authors found that providing incentives for bioenergy production
through tax reduction on a second-generation bioenergy sector
increased the welfare of all income categories with high income
households experiencing the largest welfare impacts. Moreover, Huang
et al. (2012) observed that increase in technological production of bio-
energy reduced welfare for low-income households while welfare of
high-income households increased.

Increased demand for woody biomass has indirect ripple effects on
other sectors that are not directly linked to bioenergy production. In-
crease in supply prices of agriculture and logging sectors increased their
total output supply, however total output of wood product
manufacturing sector declined. This finding aligns with Ochuodho et al.
(2019) and Hodges et al. (2010). The decline of wood product
manufacturing sector can be explained by competition the sector faces
with bioenergy electricity generation sector for wood resources as in-
termediate inputs from the logging sector (Ochuodho et al., 2019;
Hodges et al., 2010). In a recent report, USDA Forest Service cooperators
and wood product researchers explained that increased demand for
woody biomass would reduce production of wood products and use of
timber resources would change (Nepal et al., 2019). However, increase
demand for woody biomass for bioenergy would increase the economic
value of trees which in turn would incentivize people to purchase
forestland and harvest more trees (Nepal et al., 2019).

5. Conclusion and policy implications

In summary, this study assessed potential available woody biomass
for bioenergy production and identified priority critical infrastructure
sites where wood-residual fired CHP plants could be sufficiently sup-
plied by available woody biomass. The study then assessed potential
regional economic impacts of increased wood bioenergy production
considering simulated increased intermediate input demand for woody
biomass for electricity generation coupled with increased tariff rates on
non-renewable energy production.

These analyses identified several hospitals as potentially suitable for
establishing wood-fired CHP units. These sites were close enough to
existing wood residual supplies (i.e., sawmills) that transportation of
residuals to the sites was considered economically feasible. Further-
more, the estimated feedstock supply near these sites was sufficient to
support consistent electricity production (5 days/wk), without tapping
into the vast standing biomass resource available in low- or no-value
standing timber resources. More comprehensive site-specific feasibility
analyses will be necessary to evaluate economic feasibility of estab-
lishing CHP units on these sites, taking into consideration additional
economic variables such as start-up costs (and the various grants, cost-
share programs, and subsidies that offset them) and policy scenarios
such as mandated renewable energy targets.

The study also revealed that economically exploiting available wood
biomass to expand bioenergy production would have a positive impact
onregion’s economy. This resulted in a modest increase in regional gross
domestic product as well as increase in both federal and state
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government revenues. The study also revealed that expanding woody
bioenergy production would result in a disproportionately positive
welfare impact across households of different income levels, with low-
income households having lower benefits. Conversely, expanding
woody bioenergy production caused a decline in the wood products
manufacturing sector as a result of increased competition for wood re-
sources. Overall, expanding woody bioenergy production in the region
will have a positive economic impact. More important for the forest
sector, woody bioenergy development will create a much-needed mar-
ket opportunity for low grade timber and forest industry residues that
usually go wasted or unused. These positive impacts can only be realized
if the state of Kentucky initiates programs or standards to promote
woody bioenergy production. Currently, there are no renewable energy
standards in Kentucky (Durkay, 2019), and the state is overly reliant on
coal for its electricity production.

One limitation of this study was the lack of baseline data on energy
production portfolio (by energy types) for the study region. The study
obtained this data by using state-level intermediate demand values as a
representation of the study region. This broad assumption of baseline
may not give a true reflection of the study region values due to potential
dissimilarities between regional and statewide data. Unlike the static
CGE model employed in this study, which only provides a one-time
snapshot, future studies can use a dynamic CGE model with well-
defined projected future trends based on existing capacities to
examine the economic and energy resilience transition path resulting
from expansion of woody biomass for bioenergy production in the study
region.
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