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Abstract: The global transition from fossil fuel-based energy sources to renewable energy sources will be most effective, for at 

least the near future, by utilizing local resources and existing infrastructure.  In many areas of the eastern United States, forest 

residue is abundant and can be used in existing facilities to supplement coal in coal-fired power plants.  Thus forest residue has 

potential as a renewable energy source that could be effectively utilized in the near future.  This study uses GIS to estimate the 

potential quantity of forest residue available for use in coal-fired power plants in the eastern United States.  Transportation 

costs limit the distance over which it is feasible to transport forest residue to the power plants and these costs may fluctuate 

depending on economic conditions.  Thus, we consider three scenarios in our analysis assuming the maximum feasible 

transport distances to be 60, 80, and 100 km. In the eastern U.S., the total annual forest residue available to coal plants is 

approximately 29.4, 40.2, and 48.2 million dry tons, respectively, for maximum transport distances of 60, 80, and 100 km.  

Assuming an 80 km transport distance, forest residue has the potential to reduce coal consumption by 22.3 million tons per year.  

Under this scenario, greenhouse gas emissions would be reduced by almost 58.1 million tons per year, and NOx and SOx 

emissions would be reduced by 69.3 and 122.6 thousand tons respectively.  This analysis suggests that by offsetting coal use, 

forest residue has the potential to substantially reduce power plant emissions. 
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1  Introduction  

The use of fossil fuels has been linked to many issues 

including global climate change, air and water pollution, 

environmental degradation from resource extraction, and 

national security.  As energy demands increase, these 

problems will become further exacerbated unless 
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alternative energy sources can be found and exploited.  

Although numerous renewable energy sources have been 

identified, no single source is likely to be sufficient to 

replace fossil fuels and energy sources will likely need to 

be varied to make efficient use of the resources of a given 

region.  Exploiting new sustainable energy sources that 

can utilize existing infrastructure, with minimal 

additional investment, may be the most cost-effective 

strategy of significantly reducing fossil fuel use in the 

near future.  This study investigated and quantified the 

potential of using forest residue in the eastern United 

States as a renewable energy source that could result in 

substantial reductions in fossil fuel use with only modest 

investments in currently available technology. 

Forest residue, consisting of tree tops, branches, and 

culled or damaged trees, has potential as a sustainable 

energy source in forested regions.  Forestry operations 

generate large amounts of woody biomass that are of not 
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of sufficient quality to use as lumber or paper.  Forest 

residue, or logging slash, accounts for 20%-30% of the 

biomass cut in forestry operations
[1]

.  In the northeastern 

and southeastern regions of the United States, the forest 

industry generates an estimated 710 000 and 520 000 

cubic feet of forest residue, respectively, each year
[2]

.  

This forest residue is typically left in the forest or 

removed by burning
[3]

 as a result of the undeveloped 

market for this resource.  The recent push for renewable 

energy has motivated efforts to overcome the economic 

obstacles associated with collecting forest residue and 

find ways to make it a viable energy source at a 

commercial scale
[4-7]

.  

Fuels derived from woody biomass can take either 

liquid or solid form.  Conversion of forest residue to 

liquid biofuel typically involves acid pretreatments and 

fermentation as well as heating the material to 

temperatures as high as 600 degrees Celsius
[8]

.  This 

process generates liquid fuel, which can be used to power 

transportation fleets, and a charcoal solid waste that can 

itself serve as a fuel.  However, the technologies 

required to derive liquid fuel from woody biomass have 

yet to be fully scaled up for commercial use.  In addition, 

the process requires specialized facilities and substantial 

energy inputs making it unlikely to see large scale 

commercial use in the near future.  Solid woody fuels 

(i.e. wood chips) on the other hand require no additional 

inputs of energy, beyond the harvest and transport, and do 

not require specialized infrastructure for large scale use.  

Conventional coal power plants are capable of using 

woody biomass for power generation with only modest 

costs for the upgrade
[6]

.  The technology required to 

co-fire coal and biomass has been proven in some 150 

power plants in Europe, the United States, and Australia 

with investment costs recovered in as little as two years
 [6]

.  

Although dedicated biomass power plants are limited in 

size by the availability of feedstock, co-fired power plants 

have no such limitations and can have power outputs 10 

times that of a biomass power plant
[6]

.  

Coarse woody debris has an important ecological 

function in natural ecosystems providing substrate, 

shelter, and habitat for many forest species; retaining 

organic matter and nutrients in the soil; and reducing soil 

erosion
[9]

.  Large-scale removal of forest residue 

therefore could have adverse effects on certain species 

and on nutrient cycling within the forests.  However, the 

literature suggests that if proper harvesting practices are 

followed, then the removal of forest residue can have 

neutral or even positive ecological effects.  Positive 

impacts of forest residue harvest include removal of 

excess nitrogen and reduction of soil acidity
[4,10]

, increase 

in abundance and diversity of certain groups of 

species
[11,12]

, and decreasing fire loads
[13]

.  To reduce 

soil nutrient depletion and provide wildlife habitat, 0.8 – 

2.2 tons of forest residue per acre may be spread 

throughout the harvest area
[5]

. Soil nutrients may be 

replenished by spreading recycled wood ash over 

harvested areas at a rate of 0.7 – 2 tons per acre
[4,10]

.  

Soil nutrients may be conserved by foregoing forest 

residue harvest at regular intervals
[12]

 to reduce soil 

nutrient loss and provide wildlife habitat. Ecologically- 

sensitive forest areas could be excluded from forest 

residue harvest altogether
[4,7]

.  

The purpose of this study was to assess the potential 

of using forest residue for commercial scale power 

generation in the eastern United States.  Specifically, we 

use Geographic Information Systems (GIS) to estimate 

the quantity of forest residue that can be substituted for 

coal in co-fired power plants and the corresponding 

reduction in emissions of greenhouse gases and other 

pollutants.  The use of forest residue as a fuel would 

give economic value to a forestry waste product thereby 

providing benefits to local economies.  Forest residue 

has the potential to be an environmentally-sound and 

cost-effective energy source that could significantly lower 

fossil fuel use in the eastern United States in the near 

future. 

2  Methods    

2.1  Data acquisition and preparation    

The study area for this project was bounded by 

Minnesota to the west, Maine to the north, and Florida to 

the south (Figure 1).  This region covers an area of more 

than 3 million km
2
 and contains numerous coal-fired 

power plants and extensive forest lands.  The following 

GIS datasets were gathered from the appropriate agencies: 
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1) maps of annually available forest residue by county for 

the United States
[14]

, 2) National Land Cover Dataset 

(NLCD) land cover
[15]

, 3) power plant type and location 

in the United States
[16]

, 4) road network
[17]

, 5) state 

boundaries
[17]

, and 6) protected lands
[18]

.  The 

commercial software ArcGIS 9.3, augmented with Python 

scripts, was used for all GIS analyses.  

Data required for the analyses were extracted from the 

primary datasets listed above.  Forest land cover 

(deciduous, coniferous, and mixed forest) was extracted 

from the NLCD land cover map with a spatial resolution 

of 30 meters.  Locations of coal-fired power plants were 

obtained from the EPA power plant dataset.  Protected 

areas (GAP status 1 and 2) were extracted from the 

Protected Areas Database of the United States.  Forest 

land cover within protected areas was excluded from 

analysis since harvest is restricted in these areas.  States 

in the study region were extracted from the ESRI data and 

were used to clip all datasets to the boundaries of the 

study area.  Data were projected into the North 

American Lambert Conformal Conic projection system.  

Figure 1 shows the forest land and coal-fired power 

plants in the study area. 

 

Figure 1  Map of study area, forestland, and coal-fired power 

plant locations 
 

2.2  Forest residue source area       

The source area of forest residue for a given location 

is constrained by travel distance.  The maximum 

distance over which it is economically feasible to 

transport forest residue was estimated to be 80 

kilometers
[1]

 but it could vary significantly depending on 

fuel costs and feedstock value.  To account for the 

variability in the maximum viable transport distance, we 

performed analyses for three scenarios assuming 

maximum transport distances of 60, 80, and 100 km 

respectively. 

Many studies create feedstock source areas by 

approximating the maximum transport distance as being a 

straight-line distance
[1,5]

.  However, more accurate 

source areas could be generated if they were defined 

using travel distances (Figure 2).  Roads are the primary 

means by which forest residue is transported and 

therefore we used measurements along ESRI’s StreetMap 

road network as transport distances.  This dataset 

contains all classes of roads including logging and fire 

roads.  The ESRI’s StreetMap road network was 

converted to a raster dataset with a pixel resolution of 100 

meters.  The Cost Distance tool
[17]

, in ArcGIS’s Spatial 

Analyst extension, was used to measure distances in the 

road network, along a contiguous path, outward from a 

given coal power plant until the maximum transport 

distance for each path was reached.  A Python algorithm 

was used to delineate the convex hull (A convex hull is 

the smallest convex polygon that fully encompasses a 

given set of points) of the road pixels within the 

maximum transport range.  The convex hull was 

considered to be the source area for a given power plant.  

 

Figure 2  Feedstock source area based on a straight-line distance 

approximation (circle) versus the source area based on actual travel 

distances (gray polygon) along roads (gray lines).  The actual 

source area is considerably smaller than the source area based on a 

straight-line distance 



102   August, 2014               Int J Agric & Biol Eng      Open Access at http://www.ijabe.org               Vol. 7 No.4 

Source areas were delineated for all coal power plants in 

the study region.  

The feedstock source areas for many power plants 

overlapped.  However, this study does not seek to 

allocate resources to power plants – we only investigate 

the overall potential of forest residue feedstock.  

Consequently, we dissolved all power plant source areas 

into a single polygon with no overlapping parts.  The 

source area polygon was then split along state boundaries 

to allow state level analyses to be conducted.  

2.3  Source area forest residue    

The total forest residue available annually in the 

source areas was calculated for each state.  U.S. Forest 

Service data, available through the National Renewable 

Energy Laboratory (NREL), provided estimates of the 

annual forest residue available at the county level
[14]

.  

Since the NREL data are based on actual logging 

statistics, we assume that these data correspond only to 

forest areas that do not have protected status.  From the 

NLCD, we extracted deciduous, coniferous, and mixed 

forest land cover pixels that did not fall within protected 

areas (Protected forest areas include locations with Gap 1 

or Gap 2 status in the Nature Conservancy’s protected 

lands dataset.  Areas with this designation are managed 

primarily for wildlife habitat).  Annual forest residue per 

pixel was calculated, for each county, by dividing the 

total forest residue by the number of unprotected forest 

pixels We calculated total annually available forest 

residue, for the source areas of each state, by summing 

the quantities of per pixel forest residues using ArcGIS’s 

Zonal Statistics tool.  

2.4  Estimation of coal and emission reductions 

The heat values of coal and forest residue were used 

to calculate the amount of coal needed to generate the 

same energy as the total annually available forest residue 

in the feedstock source area of the coal power plants. 

Logging residue has an average heat value of 15 GJ/ton 

whereas bituminous coal, the grade typically used in 

power plants, has an average heat value of 27 GJ/ton
[19]

.  

Therefore, we assume that the heat content of one dry ton 

of forest residue is equal to 0.56 tons of coal.   

The emission rates from burning coal were obtained 

from the literature.  One ton of coal emits approximately 

2.86 tons of carbon dioxide
[20]

.  Emissions of nitrous 

oxides (NOx) and sulfur oxides (SOx) are roughly 7 tons 

per kiloton of coal
[21]

.  Greenhouse gas emissions are 

91% lower for wood biomass than for coal
[22]

.  Average 

emissions of NOx and SOx from wood biomass are 43.5% 

and 78.5% lower, respectively, than emissions from 

coal
[22]

.  Coal usage in the study area, in 2007, was 

obtained from the Energy Information Administration
[23]

. 

3  Results 

3.1  Forest residue availability 

Forest residue in extensive areas of the eastern U.S. is 

within the maximum feasible transport range for coal 

power plants (Figure 3).  The total annual forest residue 

available to coal plants in the region was 29.4, 40.2, and 

48.2 million dry tons for maximum transport distances of 

60, 80, and 100 km respectively.  The Southeast region 

had the greatest quantities of forest residue available to 

coal plants (Figure 4).  Midwestern states, especially 

Wisconsin and Minnesota, tended to have substantial 

quantities of available feedstock.  The Northeast region, 

with the exception of Pennsylvania, has the lowest 

potential for offsetting coal use with forest residue. 

 

Figure 3  Map of forest residue source areas, for coal-fired power 

plants, assuming transport distance thresholds of 60, 80, and 100 km 
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Figure 4  Total forest residue available, by state, to coal-fired power plants assuming a maximum transport distance of 80 km.  

Error bars indicate the residue available in the 60-100 km transport range 
 

3.2  Greenhouse gas emission reductions 

It was estimated that the eastern U.S. would have the 

potential to reduce coal consumption by 22.3 million tons 

per year - assuming that forest residue is used as wood 

chips in electricity generation and that the maximum 

feasible transport distance for forest residue is 80 km.  

Therefore, offsetting coal use with forest residue could 

reduce greenhouse gas emissions by 58.1 million tons per 

year (Figure 5), or by 2.5% of 2007 coal power plant 

emissions (Figure 6).  In addition, NOx and SOx 

emissions would be reduced by 69.3 and 122.6 thousand 

tons respectively (Figure 5).  This would be equivalent 

to a reduction of 1.2% and 2.2% of 2007 NOx and SOx 

coal power plant emission levels (Figure 6).  

 

Figure 5  Total reductions of emissions using forest residue to 

offset coal use assuming an 80 km maximum transport distance. 

Error bars indicate quantities for the 60-100 km transport range. 

Carbon dioxide (CO2) emissions are in millions of tons; nitrous oxides 

(NOx) and sulfur oxides (SOx) emissions are in thousands of tons 

 

Figure 6  Emission reductions, as the percent of 2007 coal 

emissions, using forest residue to offset coal use in the study area. 

Gray bars indicate quantities for the 80 km transport distance; black 

error bars indicate quantities for the 60-100 km transport range 
 

4  Discussion  

The eastern United States has substantial amounts of 

forest residue available for use in coal power plants.  

Coal usage in the region could be reduced by 2.0%–3.4% 

of 2007 levels depending on the maximum viable 

transport distance of forest residue.  The reduced coal 

use would lower greenhouse gas emissions by 1.9%– 

3.1%, NOx emissions by 0.9%–1.5%, and SOx emissions 

by 1.6%–2.6%.  Although these reductions are small 

fractions of current levels, they are far from 

inconsequential given the current coal consumption and 

emission levels.  A sustainable energy grid will need to 

be drawn from many different sources with each source 
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likely providing a small but significant source of energy.  

Forest residue may be considered as one component of 

this future energy grid.  Given the relative ease of 

adapting current technology and infrastructure to using 

forest residue in power generation, it is likely to be an 

energy source that can be tapped throughout the eastern 

U.S. in the near future. 

In regions that have few coal plants and abundant 

forest land, such as New England, there are substantial 

amounts of available forest residue that are too remote to 

be feasible for use in co-fired coal power plants.  These 

areas have potential for alternative uses of forest residue 

such as conversion to a liquid biofuel or use as a solid fuel 

in a biomass power plant.  These alternative uses would 

likely require substantial investments in infrastructure but 

may provide an effective strategy for expanding renewable 

energy use in these regions.   

Previous studies assessing forest residue availability 

have used a straight-line distance approximation of the 

maximum viable transport distance of forest residue to a 

receiving location.  This simplification overestimates the 

forest residue that is available within a given distance 

threshold since straight-line distances can be considerably 

shorter than the actual travel distance.  This study 

developed a technique using GIS capabilities, in a Python 

script, to delineate source areas based on actual travel 

distances.  The tool allows the source areas to be 

automatically generated for a set of points given the 

maximum travel distances and the road network.  The 

tool can be easily adapted to delineate source areas based 

on travel times provided the road dataset contains 

information on speed limits or route classes.  Travel 

time may provide a more accurate delineation of the 

source area since it would account for road conditions.  

However, travel times were not used in this analysis as 

we were unable to find literature that provided estimates 

of the maximum viable transport time for forest residue 

delivered to a receiving location. 

Coarse woody debris has an important ecological role 

in forestland.  The harvest of forest residue, however, 

would not necessarily have adverse consequences.  The 

widespread use of fossil fuels and synthetic fertilizers has 

resulted in excess nitrogen deposition in many parts of the 

world including the eastern United States
[25]

.  The excess 

nitrogen results in soil acidification and in the leaching of 

nutrient cations, such as calcium and potassium, from 

forest soils
[25]

.  Removal of forest residue may benefit 

soils in areas affected by nitrogen deposition.  In regions 

where nutrient depletion is a potential problem, various 

practices may be employed to restore soil nutrients.  

These practices include spreading a percentage of the 

available forest residue across the harvest area, spreading 

wood ash in the harvest area, or foregoing residue harvest 

at regular intervals.  Leaving some forest residue in the 

harvest area would have the added benefit of providing 

habitat for forest species requiring coarse woody debris.  

By employing appropriate practices, forest residue can be 

harvested in many forested areas in a manner that 

minimizes ecological impacts.   

5  Conclusions 

The transition from fossil fuel dependence to a 

renewable energy economy requires significant financial 

support and public resolve.  The latter requirement can 

be obtained more readily by using the most cost-effective 

strategies of developing alternative energy sources and by 

exploiting local resources.  Forest residue is a local 

resource that is abundant in the eastern United States and 

can be effectively used to generate power in an 

environmentally sustainable manner.  Solid wood fuel 

derived from forest residue could be used to supplement 

the coal used in power plants with only modest 

investments in infrastructure.  The low start-up costs 

could make the use of forest residue in coal power plants 

an appealing sustainable energy source that has potential 

to effectively reduce fossil fuel consumption in the near 

future.  
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