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Abstract.   This article connects the science of sustainability theory with applied aspects of sustainability 
 deployment. A suite of 35 sustainability indicators spanning 12 environmental and socioeconomic catego-
ries has been proposed for comparing the sustainability of bioenergy production systems across different  
feedstock types and locations. Information on sustainability indicators and associated measurements for 
the feedstock production and logistics portions of the biofuel supply chain was available from a recent 
demonstration- scale switchgrass- to- ethanol production system located in East Tennessee. Knowledge per-
taining to the available indicators was distributed within a hierarchical decision tree framework to generate 
an assessment of the overall sustainability of this no- till switchgrass production system relative to two alterna-
tive business- as- usual scenarios of unmanaged pasture and tilled corn production. The relative contributions 
of the social, economic, and environmental information were determined for the overall trajectory of this bio-
energy system’s sustainability under each scenario. The results show that, within this East Tennessee context, 
switchgrass production is an attractive option for improving environmental and social sustainability trajecto-
ries without adverse economic impacts, which can lead to enhanced sustainability overall. Although external 
trade does not yet exist for this switchgrass commodity, our economic modeling indicates that switchgrass 
production can still be beneficial to the counties surrounding the biorefinery in terms of dollars earned and 
jobs created. The opportunity to use inactive equipment and laborers is a potential benefit captured indirectly 
by the sustainability evaluation framework. Given the early stage of cellulosic ethanol production, it is cur-
rently difficult to determine quantitative values for all 35 proposed sustainability indicators across the entire 
biofuel supply chain. This case study demonstrates that integration of qualitative sustainability indicator 
ratings may increase holistic understanding of a bioenergy system in the absence of complete information.
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IntroductIon

The concept of sustainability underlies con-
servation, mitigation, restoration, and pro- active 
protection of the environment. Consideration 
of the sustainability of Earth’s resources be-
comes quite heated when energy is discussed. 
This  debate is occurring because all forms of 
energy extraction and use have some negative 
consequences, and because energy availability 
underlies much of human development and ad-
vances in health, wealth, food security, and sta-
bility (Martinez and Ebenhack 2008, Dale and 
Ong 2012). Although sustainability is still an 
imprecisely defined concept, numerous polices 
call for its implementation. The science underly-
ing sustainability must be clear in order to use 
its tenets, and sustainability assessments must be 
demonstrated and validated within real- world 
agricultural systems in order to understand 
potential ecological tradeoffs (Robertson and 
Swinton 2005). This article connects the science 
of sustainability theory with applied aspects of 
sustainable deployment of bioenergy production 
systems.

The U.S. government and its agencies, includ-
ing the Department of Energy (DOE), are seeking 
ways to move toward sustainable forms of energy. 
U.S. Federal Executive Order (E.O.) 13514, “Fed-
eral Leadership in Environmental, Energy and 
Economic Performance,” defines “sustainability” 
as the creation and maintenance of conditions 
“under which humans and nature can exist in 
productive harmony, that permit fulfilling the so-
cial, economic, and other requirements of present 
and future generations.” As biofuels production 
ramps up to meet the requirements of the U.S. 
Energy Security and Independence Act of 2007, 
it is critical to develop an integrated strategy for 
implementation that addresses sustainability 
concerns in view of multiple constraints and ob-
jectives, including land management practices, 
energy pressures, economic constraints, social 
context, and changing climate conditions.

Sustainability assessment and implementation 
of policy to support it necessitate the translation 
of sustainability principles and criteria into “in-
dicators,” meaning measurements intended to 
provide critical information about the effects of 
human activities on environmental, social, and 
economic conditions over time. Multiple global 

and national agencies have proposed indicators 
to assist in the assessment of progress toward 
sustainable bioenergy production practices, but 
these indicator lists have tended to be lengthy, 
burdensome, and lacking in information about 
specific measurements. A comparatively simple 
suite of 35 indicators within six environmental 
categories (McBride et al. 2011) and six socio-
economic categories (Dale et al. 2013) has been 
developed for assessing the sustainability of bio-
fuel production pathways (Fig. 1). While these 
indicators are intended to apply to a wide vari-
ety of bioenergy systems, sustainability goals are 
inherently place- based and subject to the context 
of particular locations and feedstocks (Dale et al. 
2013, Efroymson et al. 2013, Florin et al. 2014). 
Field testing of the proposed indicator suite with-
in a variety of bioenergy systems is needed to en-
sure adoption by the biofuels industry (McBride 
et al. 2011). An effective method of integrating 
collected socioeconomic and environmental indi-
cators is also needed for holistic understanding 
of a bioenergy system’s sustainability “trajecto-
ry,” meaning its progress toward (or away from) 
sustainability targets (Florin et al. 2014).

This case study explores practical aspects of 
sustainability indicator data collection and in-
tegration. A recent demonstration- scale East 
Tennessee switchgrass- to- ethanol production 
system is used to examine the availability and 
interpretation of sustainability indicator data for 
the feedstock production and logistics portions 
of a biofuel supply chain (Fig. 1). Context- specific 
indicator information is aggregated within a hi-
erarchical decision tree framework to generate 
an assessment of the overall sustainability of this 
no- till switchgrass (Panicum virgatum) produc-
tion system relative to two alternative business- 
as- usual scenarios of unmanaged pasture and 
tilled corn production. Finally, the relative contri-
butions of the social, economic, and environmen-
tal information to the local agricultural system’s 
sustainability trajectory under each alternative 
scenario are considered. Through this case study 
analysis, we attempt to answer the following 
questions: Is it possible to assess a bioenergy 
system’s overall sustainability trajectory by inte-
grating multimetric information gathered from 
across a variety of spatial and temporal scales? 
Do some sustainability indicators contribute 
more to the overall sustainability determination 
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than others? If so, how context- specific is this in-
fluence? The paper concludes with a discussion 
of the case study assessment limits and recom-
mendations for future research.

Background

This sustainability evaluation focuses on a 
demonstration- scale switchgrass- to- ethanol ex-
periment located within an 11- county area of 
East Tennessee found in the Southeastern United 
States (Fig. 2). From 2007 to 2012, the Tennessee 
Biofuels Initiative invested $70.5 million in the 
construction of a pilot- scale biorefinery designed 
to produce cellulosic  ethanol from switchgrass 
plantings that were  simultaneously established 
throughout surrounding counties (Tiller 2011). 
The dedicated cellulosic ethanol experiment was 

designed to examine actual yields and produc-
tion costs of a dedicated bioenergy feedstock 
under a wide range of physical settings and 
realistic farm management conditions, as well 
as to demonstrate the willingness and ability 
of Tennessee producers to grow switchgrass 
under contract (Clark et al. 2007). The Vonore, 
Tennessee, biorefinery, currently operated by 
DuPont Cellulosic Ethanol, opened in 2010 with 
the capacity to produce approximately 1 million 
L (250 000 gal) of ethanol per year from corn 
cobs, corn stover, switchgrass and other biomass 
sources. The cellulosic transportation fuel pro-
duced by this Vonore biorefinery has been uti-
lized as E- 85 fuel in the University of Tennessee 
Motor Pool fleet.

The Vonore biorefinery was constructed with-
in the preexisting Monroe County Niles Ferry 

Fig. 1. Applicability of recommended environmental, economic, and social sustainability indicator categories 
across the biofuel supply chain (Dale et al. 2013, Efroymson et al. 2013). For the East Tennessee switchgrass- to- 
ethanol case study, all 12 categories of indicator data were assessed for the feedstock production and feedstock 
logistics steps of the biofuel supply chain.
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Industrial Park with ready access to barge traf-
fic, highways, and a railway system. Adjacent to 
the biorefinery, Genera Energy Inc. operates an 
8.9 ha (22 acre) Biomass Innovation Park research 
campus to demonstrate and optimize the feed-
stock supply chain, including conveying, pre-
processing, and storing material, for a variety of 
cellulosic biomass types, including switchgrass 
(Tiller 2011).

Simultaneous with the Vonore biorefinery con-
struction beginning in 2007, three rounds of 3- yr 
contracts to grow switchgrass were offered to 
East Tennessee farmers within an approximate-
ly 1- h drive of the facility (Fig. 2). Therefore, the 
“fuelshed” for this project, i.e., the total land area 
considered for providing dedicated biomass, in-
cluded Tennessee land within an 80- km (50- mile) 
radius around the Vonore biorefinery and the 
adjacent Biomass Innovation Park (Fig. 2). At the 
peak of production in 2010, 2064 ha (5100 acres) 
of switchgrass were planted across 11 Tennessee 
counties (Fig. 2), and Tennessee Biofuels Initia-
tive envisioned the potential for expansion to 
10 117 ha (25 000 acres) of switchgrass (Velandia 
et al. 2010). Farmland contracted for the switch-
grass plantings consisted of row crops (i.e., soy-

beans, corn grain, corn silage, and green beans); 
close grown wheat, and pasture/hay (e.g., fes-
cue, alfalfa, orchard grass), as well as some fal-
low land previously used for pasture/hay or row 
crops.

Switchgrass was selected as the dedicated bio-
energy crop for this East Tennessee experiment 
for a variety of reasons. More than 30- yr worth 
of lab-  and field- based studies of switchgrass 
have shown that this perennial, native plant of-
fers several advantageous qualities, including 
drought and flood tolerance, high yield capacity 
with little to no fertilizer application, the ability 
to stabilize soils and sequester carbon with long 
root systems, and the potential to improve wa-
ter quality (McLaughlin and Walsh 1998, Tolbert 
et al. 2002, Dale et al. 2011). Switchgrass has a 
lifespan of at least 20 yr with high yields follow-
ing the third year after establishment. It is nei-
ther rhizomatous nor invasive (Lewis and Porter 
2014). A socioeconomic advantage of switchgrass 
as a bioenergy crop within this context is the 
fact that it can be planted and harvested with 
equipment already available to East Tennessee 
farmers. Switchgrass can provide animal forage 
concomitant with bioenergy production and has 

Fig. 2. (a) Location of the East Tennessee switchgrass- to- ethanol experiment within the Southeastern United 
States. Applications for feedstock contracts were considered from Tennessee farms located within 80 km 
(50 miles), i.e., approximately a 1- h drive, from the Vonore demonstration- scale biorefinery. (b) At the peak of 
production in 2010, 2064 ha (5100 acres) of switchgrass were distributed throughout 11 East Tennessee counties.
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the potential to improve wildlife habitat for de-
clining grassland bird populations (Tiller 2011). 
The lowland variety of switchgrass, Alamo, was 
selected for this experiment due to its high yields 
and suitability for a southern climate.

University of Tennessee Institute of Agricul-
ture (UTIA) Extension Agents worked closely 
with the selected Vonore- area farmers to teach 
them how to manage this crop of native warm- 
season perennial grass. Experience showed that 
switchgrass was most easily established on land 
formerly controlled for weeds (i.e., land former-
ly used for row crops), but that high switchgrass 
yields of 13–18 MT/ha (6–8 U.S. tons/acre) could 
also be successfully obtained from low produc-
tivity lands with very poor soil quality or steep 
slopes (e.g., land that was fallowed and entering 
the early stages of succession). High yields on 
low productivity land did not necessarily trans-
late to commercially harvestable switchgrass, 
however, and it was learned that the field con-
figuration and size were also key factors in the 
overall production process (C. Clark, personal 
communication).

The Vonore, Tennessee, switchgrass- to- ethanol 
experiment provides a unique opportunity to 
 examine a variety of environmental and socioeco-
nomic data needed to analyze the overall sustain-
ability of a dedicated bioenergy crop production 
system. Several recently completed studies, both 
published and unpublished, pertain to the 12 rec-
ommended categories of sustainability indicators, 
including: social acceptability surveys (Qualls 
et al. 2012); analyses of crop yields and soil qual-
ity at the farm and field scale; analyses of water 
quality and quantity from several catchments con-
taining different proportions of switchgrass; a life- 
cycle inventory of greenhouse gases and water 
emissions associated with cradle- to- grave switch-
grass pellet production (Reed 2012); an analysis of 
bird preferences (West 2011); and several econom-
ic models of transportation, storage, and conver-
sion processes (e.g., English et al. 2013).

Methods

For this sustainability assessment of the 5- yr, 
2023 ha (5000 acre), East Tennessee switchgrass- 
to- ethanol experiment (Fig. 2), we limit our 
analysis to the feedstock production and logistics 
portions of the supply chain (i.e., field- to-  

biorefinery gate; Fig. 1) for which a variety of 
data are available. We evaluate the bioenergy 
production system’s sustainability relative to two 
alternative business- as- usual 5- yr agricultural 
production scenarios representative of the upper 
and lower bounds of local agricultural manage-
ment practices: 2023 ha (5000 acres) of tilled corn 
production and 2023 ha (5000 acres) of unman-
aged pasture. The key similarities and differences 
between the three scenarios are shown in Table 1. 
For clarification, no irrigation is used for agri-
cultural production in East Tennessee, and there 
is more than enough land available for the num-
ber of cows grazing in the region. Steep land 
and areas of poor soil make corn grain yields 
much lower in East Tennessee than other parts 
of the United States (e.g., the Midwest), as 
demonstrated by the fact that average annual 
corn grain yields for this region have been as 
much as 50% lower than the U.S. national av-
erage over the past 15 yr (Appendix S1).

We compare the three alternative scenarios 
(Table 1) within a qualitative sustainability eval-
uation framework built for our case study using 
freely available DEXi 4.0 software. DEXi is de-
signed to solve complex decision problems that 
involve 15 or more attributes, inaccurate and/or 
missing data, group decision- making, and ex-
pert judgment (which often requires qualitative 
reasoning rather than numerical evaluation) (Bo-
hanec et al. 2013). Conceptually, DEXi combines 
“classical” numerical multicriteria decision mod-
eling with rule- based expert systems, presenting 
the user with words rather than numbers and 
employing a tabular representation of utility rela-
tions designed to facilitate discussion and group 
decision- making (Bohanec et al. 2013). DEXi al-
lows the evaluation of multiple options by de-
composing the decision problem into more easily 
solved subproblems. This decomposition is done 
by creating a hierarchical decision tree with at-
tributes and ratings (called “scales” by the soft-
ware) attached to each branch. Versions of DEXi 
have been used successfully to integrate both 
quantitative and qualitative environmental, so-
cial, and economic information about proposed 
innovative agricultural systems and agricultural 
management techniques (Bohanec et al. 2008, Pel-
zer et al. 2012, Vasileiadis et al. 2013). Hereafter, 
the DEXi evaluation tool is referred to as a Multi- 
Attribute Decision Support System (MADSS).
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To build the MADDS for our case study, we 
first placed the overall “sustainability” rating 
that influences decisions regarding management 
changes at the top of the decision tree (with pos-
sible values of “high sustainability,” “intermedi-

ate sustainability,” and “low  sustainability”) sup-
ported by the three “pillars” of  environmental, 
economic, and social sustainability and multiple 
subbranches extending below each of these three 
sustainability pillars (Fig. 3). We  incorporated 

Table 1. Three scenarios used to evaluate the sustainability of an East Tennessee dedicated switchgrass- to- 
ethanol production system.

Assumptions No- till switchgrass Tilled corn Unmanaged pasture

Total production  
 area

2023 ha (5000 acres) 2023 ha (5000 acres) 2023 ha (5000 acres)

Time span of  
 production

5 yr 5 yr 5 yr

Time of planting Planted once in spring (no replanting  
 required for at least 10 yr)

Planted annually No planting (previously  
 established)

Planting method No- till method with a drill Planted conventionally  
 into a prepared seedbed

None

Harvesting  
 equipment

Conventional hay equipment Combine Harvested by cows with a  
  carrying capacity of 0.61 ha 

(1.5 acres) per cow
Harvest  
 frequency

Once per year, after November 1st (or  
 the first killing frost)

Once per year, in October Continuous

Storage Round bales, tarped Trucked off farm None
Herbicide  
 application

One to three applications of glyphosate  
  herbicide prior to planting (with 

more applications required for land 
under conversion from pasture/hay). 
No additional herbicides after 
planting. Vonore farmers applied an 
average of 0.045 kg (0.10 lbs) of 
herbicide per ton of switchgrass 
produced (Reed 2012)

Annual application of  
 glyphosate herbicide

No herbicide used

Fertilizer  
 application

For soil OP rate of “low,” annual  
  (Spring) application is 44 kg/ha 

(40 lbs/acre) of phosphate (P2O5). No 
P is applied if soil P rating is 
“medium” or “high.” If soil potas-
sium (K) test is “low,” 88 kg/ha 
(80 lbs/acre) of potash (K2O) is 
applied. No K is applied if soil K 
rating is “medium” or “high”. After 
the first year, an annual (Spring) 
application of 66 kg/ha (60 lbs/acre) of 
nitrogen is suggested (for too much 
weed competition ensues if it is added 
during the establishment year). Lime 
is only added if the soil pH is <5.0

Typical annual application  
  includes 330 kg/ha 

(300 lbs/acre) of 
ammonium nitrate 
(33.5% N), 220 kg/ha 
(200 lbs/acre) of 
“10–30–30” and 1100 kg/
ha (1000 lbs/acre) of 
lime, UT Agricultural 
Extension Service 2001

No fertilizer used

Typical yield 4.5 MT/ha (2 tons/acre) in Year 1, 11 MT/ 
  ha (5 tons/acre) in Year 2, and 13–

18 MT/ha (6–8 tons/acre) in Years 3–5

7187 kg/ha (114.5 bushels/ 
  acre) of corn averaged 

over 2007–2013

Pasture Roughage = 4.7 MT/ 
  ha (2.1 tons/acre) estimated 

as mixed hay
Price  
 information

Estimated price 
Actual contract price of $1112/ha ($450/ 
 acre) 
Estimated delivered price of $78.52/MT  
  ($71.23/ton) assuming $3.58/MT 

($3.25/ton) storage cost

Estimated price 
East TN average for  
  2007–2013 = $5.04/

bushel

Estimated pasture price  
 assumed to equal hay price 
East TN average for  
 2007–2013 = $90.79/ton

Final destination 189 million L/yr (50 million gallon/yr)  
  Biorefinery within a 1- h drive with 

conversion rate of 18 MT per liter 
(76 tons per gallon) of ethanol 
produced

Multiple uses including  
  silage for animal feed, 

corn syrup, direct 
human consumption, 
and ethanol production

On- site cattle roughage

Note: The 2023 ha (5000 acres) of agricultural production considered under each scenario are assumed to be distributed through-
out the 11- county area depicted in Fig. 2. These assumptions were used in the economic modeling described in Appendix S3.
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context- specific information pertaining to six 
categories of environmental indicators (Table 2) 
and six categories of socioeconomic indicators 
(Table 3) within the hierarchical  aggregation 
framework so that we could use our MADSS to 
explore the sustainability trajectory of the case 
study bioenergy production system relative to 
the two local alternatives for agricultural pro-
duction (Table 1).

Models built with DEXi software are most sta-
ble when there are no more than three variables 
used at each level of the aggregation hierarchy. 

Therefore, prior to the indicator data collection 
and analysis (see Appendices B and C), we made 
decisions about aggregation of the sustainability 
indicators at several levels of the MADSS deci-
sion tree. First, we divided the six categories of 
recommended environmental sustainability in-
dicators (McBride et al. 2011) into two groups: 
(1) “Environmental Quality” indicators related 
to air quality, soil quality, and water quality and 
quantity, and (2) “Environmental Outcomes” 
environmental indicators related to greenhouse 
gas emissions, biodiversity, and aboveground 

Fig. 3. Aggregation hierarchy of 12 categories of sustainability indicators within a Multiattribute Decision 
Support System (MADSS) model constructed to evaluate the overall progress toward sustainability of a bioenergy 
system. The “sustainability” determination for the field- to- biorefinery gate portion of this East Tennessee 
switchgrass- to- ethanol experiment was based on a combination of environmental, economic, and social 
indicators of bioenergy sustainability proposed by McBride et al. (2011) and Dale et al. (2013).



February 2016 v Volume 7(2) v Article e012068 v www.esajournals.org

PARISH ET AL.

Table 2. Environmental sustainability indicator ratings assigned to the feedstock and logistics portions of an 
East Tennessee switchgrass- to- ethanol demonstration- scale production system.

Sustainability 
indicator 
category

Sustainability 
indicator Case study information

Sustainability ratings

Low Intermediate High

Soil quality Total organic carbon  
 (TOC) in Mg/ha

38 Mg/ha at depth of 15–20  
  cm (6–8 in.) after 3 yr of 

production (n = 120) 
with increasing trend

Decreasing  
  soil TOC 

over years

No change in  
 soil TOC

Increasing  
  soil TOC 

over years

Total nitrogen (N) in  
 Mg/ha

… … … …

Extractable  
  phosphorus (P) in 

Mg/ha

0–0.06 Mg/ha at depth of  
  15–20 cm (6–8 in.) 

averaged over 3 yr 
(n = 120)

Additions of P  
  exceed 

removal 
rate

P applied at  
  removal 

rate

No P  
  applied to 

soil

Bulk density in g/cm3 1.2 g/cm3 at depth of  
  15–30 cm (6–12 in.) prior 

to 2008 plantings 
(n = 120)

Low bulk  
  density OR 

high bulk 
density

Nonrestrictive  
  bulk 

density†

N/A

Water quality  
  and 

quantity

Nitrate concentration  
  in streams in mg/L 

and as export in 
kg·ha−1·yr−1

Export of 0.36 kg·ha−1·yr−1  
  measured at Thompson 

farm; 0.15 mg/L 
modeled in Lenoir City 
catchment

Increasing  
  nitrate 

concentra-
tion/export 
over years

No change in  
  nitrate 

concentra-
tion

Decreasing  
  nitrate 

concentra-
tions/export 
over years

Total phosphorus (P)  
  concentration in 

streams as mg/L 
and as export in 
kg·ha−1·yr−1

Export of 0.13 kg·ha−1·yr−1  
  measured at Thompson 

farm; 0.11 mg/L 
modeled in Lenoir City 
catchment

Increasing P  
  concentra-

tion/export

No change in  
  P concentra-

tion/export

Decreasing  
  P concentra-

tion/export

Suspended sediment  
  concentration in 

streams as mg/L 
and as export in 
kg·ha−1·yr−1

Export of 0.86 kg·ha−1·yr−1  
  measured at Thompson 

farm; 66 mg/L modeled 
in Lenoir City catchment

Increasing  
  sediment 

concentra-
tion

No change in  
  sediment 

concentra-
tion

Decreasing  
  sediment 

concentra-
tion

Herbicide  
  concentration in 

streams as mg/L 
and export in 
kg·ha−1·yr−1

~1406 kg (one- time total) of  
  glyphosate applied to 

2023 ha of production 
spread across an 
11- county area

Multiple  
  herbicide 

applications

Herbicide  
  only 

applied 
during 
establish-
ment phase

No  
  herbicide 

applications

Peak storm flow in  
 L/s

6769 L/s measured at  
  Notchy Creek; extremely 

low C factor measured 
at Thompson farm

Increased  
  potential for 

flash 
flooding

Expected  
  storm runoff 

behavior

Improved  
  capacity to 

absorb 
excess water

Minimum base flow  
 in L/s

203 L/s measured at  
 Notchy Creek

Decreasing  
 base flow

No change in  
 base flow

Increasing  
 base flow

Consumptive water  
  use (incorporates 

base flow) as 
m3·ha−1·d−1

No irrigation used; highly  
  efficient plant photosyn-

thesis and transpiration 
by Alamo switchgrass

Inefficient  
 water use

Normal water  
 use

Highly  
  efficient 

water use

Air quality Tropospheric ozone  
 in ppb

Reduced use of heavy field  
  equipment for perennial 

crop

Higher ozone  
 emissions

Average 
ozone 
  emissions

Lower  
  ozone 

emissions
Carbon monoxide in  
 ppm

Reduced use of heavy field  
  equipment for perennial 

crop

Higher CO  
 emissions

Average CO  
 emissions

Lower CO  
 emissions

Total particulate matter  
  <2.5 m diameter 

(PM2.5) in μg/m3

0.209 MT/yr (combined field  
  operations, transportation 

and handling) Higher PM  
 emissions

Average PM  
 emissions

Lower PM  
 emissionsTotal particulate  

  matter <10 m 
diameter (PM10) in 
μg/m3

0.037 MT/yr (combined  
  field operations, 

transportation and 
handling)
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Sustainability 
indicator 
category

Sustainability 
indicator Case study information

Sustainability ratings

Low Intermediate High
Productivity Aboveground net  

  primary productiv-
ity (ANPP)/yield in 
g C·m−2·yr−1

394.5 g C·m−2·yr−1 for  
  mature switchgrass with 

a yield of 13–18 MT/ha 
(6–8 tons/acre) per year

Low  
 productiv-
ity

Average  
 productivity

High  
 productivity

Biodiversity Presence of taxa of  
 special concern

Observed increase in quail Less  
 biodiversity

Same  
 biodiversity

More  
 biodiversity

Habitat area of taxa of  
 special concern in ha

No information available

Greenhouse  
  gases 

(GHGs)

CO2 equivalent (CO2  
  and N20) in kg 

Ceq/GJ emissions

334.65 tons/yr CO2  
  emissions (178.75 tons 

from growth and 
harvesting operations, 
103.7 tons from electricity 
and diesel used by 
Genera’s handling facility, 
and 52.2 tons from 
transportation logistics)

More GHG  
 emissions

Some GHG  
 emissions

Fewer GHG  
 emissions

Notes: A total of 19 environmental sustainability indicators in six categories were considered (McBride et al. 2011). The poten-
tial sustainability ratings were used within the multiattribute decision support system (MADSS) to compare the environmental 
sustainability of no- till switchgrass production to alternative scenarios of tilled corn and unmanaged pasture (Table 1). The 
qualitative ratings assigned to the no- till switchgrass scenario are shown in bold font. Ellipses were used to indicate “no data.” 
A cell value of “N/A” was used to indicate that the rating category did not apply to the particular indicator. Sources and assump-
tions used to generate these socioeconomic indicator ratings are discussed in Appendix S2.

† Within this East Tennessee context, nonrestrictive bulk soil density is defined as 1.35-1.5 g/cm3.

Table 2.   Continued.

Table 3. Socioeconomic sustainability indicator ratings assigned to the feedstock and logistics portions of an 
East Tennessee switchgrass- to- ethanol demonstration- scale production system.

Sustainability 
indicator 
category

Sustainability  
indicator Case study information

Sustainability ratings

Low Intermediate High

Social  
  well- being

Employment as # of  
  full-time equivalent 

jobs

67–96 jobs created within the 13  
  counties surrounding the 

biorefinery

Fewer jobs No change in  
  jobs

More jobs

Household income as  
 $/d

Income from harvesting  
  switchgrass will be additional 

as November harvest occurs at a 
time when there is no other local 
agricultural work available

Less  
  household 

income

Same  
  household 

income

More  
  household 

income

Work days lost due to  
  injury as average # 

work days lost per 
worker per year

Genera had recorded 0  
  incidents for switchgrass 

harvesting and preprocessing 
operations for over 1325 d

Increase in  
  work days 

lost

Average  
  work days lost

Decrease in 
work days 
lost

Food security as %  
  change in food price 

volatility

No observed changes in food  
 price volatility

Increasing  
  food price 

volatility

No noticeable  
  change in food 

price volatility

Decreasing  
  food price 

volatility

Resource  
 conservation

Depletion of  
  nonrenewable energy 

resources as amount of 
petroleum extracted 
per year (MT)

Over 2 million gallons of  
  gasoline replaced by local 

ethanol (annually), keeping 
$5.1–$5.8 M in the region

Net increase  
  in fossil fuel 

consumption

N/A Net  
  decrease in 

fossil fuel 
consump-
tion

Fossil energy return  
  on investment (fossil 

EROI) as ratio of 
amount of fossil energy 
inputs to amount of 
useful energy output 
(MJ) (adjusted for 
energy quality)

EROI = 5.44 (per Wang et al.  
  2012, national assessment)
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Table 3.  Continued.

Sustainability 
indicator 
category

Sustainability  
indicator Case study information

Sustainability ratings

Low Intermediate High

Social  
 acceptability

Public opinion as  
  percent favorable 

opinion

55% of TN farmers responded  
  favorably in 2009 to growing 

switchgrass and 87% of Vonore 
switchgrass producers were 
willing to continue in 2010

Negative  
  public 

opinion

Neutral  
  public opinion

Positive  
  public 

opinion

Transparency as  
  percent of indicators 

for which timely and 
relevant performance 
data are reported

Stakeholder participation in  
  this experiment was 100% as all 

switchgrass producers were 
required to meet with Extension 
agents and there were a variety 
of surveys, public meetings and 
focus groups Low  

  stakeholder 
engagement

Average  
  stakeholder 

engagement

High  
  stakeholder 

engage-
ment

Effective stakeholder  
  participation as 

percent of docu-
mented responses 
addressing stake-
holder concerns and 
suggestions (reported 
on an annual basis)

Risk of catastrophe as  
  annual probability 

of catastrophic event

1 arson event in 5 yr that  
  affected 22% of biorefinery’s 

annual production capacity 
(i.e., 56 000 gallons lost)

Increased  
  risk

Average risk Reduced  
  risk

Energy  
 security

Energy security  
  premium in $/gal 

of biofuel

Domestic production increases  
  U.S. energy security

High energy  
  security 

premium

Neutral  
  energy security 

premium

Low energy  
  security 

premium

Fuel price volatility as  
  standard deviation of 

monthly percent price 
changes over 1 yr

Local production decreases  
 fuel price fluctuation

Increased  
  fuel price 

volatility

No change in  
  fuel price 

volatility

Decreased  
  fuel price 

volatility

External trade Terms of trade as  
  price of exports/price 

of imports

$0 Low  
  external 

trade

Some external  
  trade

High  
  external 

trade

Trade volume in dollars  
  (net exports or balance 

of payments)

$0

Profitability Return on investment  
  (ROI) as a percent 

based on net 
investment/initial 
investment

Direct economic impact of  
  $2 719 000 and total economic 

impact of $5 205 000; net profit 
of $230/ha within 25 yr (Bansal 
et al. 2013)

Low returns Average  
  returns

High  
  returnsNet present value  

  (NPV) in dollars 
(present value of 
benefits minus 
present value of costs)

Profit variability† Switchgrass yields and prices were  
  unaffected by weather events, 

pests, or external market 
conditions

Highly  
  variable 

profit

N/A Low profit  
  variability

Notes: A total of 16 socioeconomic sustainability indicators in six categories were considered (Dale et al. 2013), but some 
were combined for qualitative rating purposes (e.g., ROI and NPV). The potential sustainability ratings were used within the 
multiattribute decision support system (MADSS) to compare the socioeconomic sustainability of no- till switchgrass produc-
tion to alternative scenarios of tilled corn and unmanaged pasture (Table 1). The qualitative ratings assigned to the no- till 
switchgrass scenario are shown in bold font. A cell value of “N/A” was used to indicate that the rating category did not apply 
to the particular indicator. Sources and assumptions used to generate these socioeconomic indicator ratings are discussed in 
Appendix S2.

† This indicator was not included in the list of 16 socioeconomic indicators proposed by Dale et al. (2013).
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productivity. Within the “Environmental Qual-
ity” indicators, we grouped together the water- 
related indicators as “Hydrology” indicators 
with subdivisions of “Water Quality” [including 
nutrients (nitrogen, phosphorus), sediments, 
and herbicides], “Water Availability” (including 
base flow and consumption), and “Peak Storm 
Flow.” We combined measurements of sus-
pended particulate matter <2.5 μm and 10 μm 
as “Particulate Matter” under the “Air Quality” 
 category. Next, we divided the six categories of 
socioeconomic sustainability indicators (Dale 
et al. 2013) into two categories: (1) “Social” in-
dicators related to social well- being, social ac-
ceptability, and resource conservation, and (2) 
“Economic” indicators related to energy secu-
rity, profitability, and external trade. Within the 
“Social Well- Being” branch of the “Social” cat-
egory of indicators, we grouped measurements 
related to employment and household income 
as “Livelihood.” Finally, beneath “Social Accept-
ability,” we grouped indicator measurements of 
transparency and stakeholder perception as “In-
formation Sharing.”

In order to populate the sustainability eval-
uation framework with indicator values and 
ratings in the absence of complete information, 
a modified Delphi process (Clayton 1997, Mac-
Millan and Marshall 2006) was used to achieve a 
consensus of opinion among the four co- authors, 
who are all intimately familiar with the Vonore 
experiment and collectively have a range of ex-
pertise spanning agronomy, logistics, agroeco-
nomics, soil science, and ecology. The MADSS 
served as the tool to organize the discussion, 
and the completion of the MADSS process sig-
naled the end of the discussion. The lead author 
served as a facilitator, first meeting with each 
co- author one- on- one to discuss the potential for 
quantifying each of the recommended indica-
tors. She then led three round- table discussions 
over a 5- week period in 2014 during which time 
the group collectively discussed and modified 
the sustainability indicator values, scenario pa-
rameters, and qualitative ratings within the sus-
tainability evaluation framework using an iter-
ative format. After each meeting, the facilitator 
provided a summary of the experts’ opinions to 
the group for revisions in light of the collective 
replies. Each qualitative indicator rating was de-
veloped using a combination of empirical data, 

modeling results, and scientific literature synthe-
sized through expert opinion (see Appendices B 
and C for details). The scaling (i.e., low, medium, 
and high ratings) for each available indicator 
was selected to highlight the differences between 
the three alternative scenarios (Table 1) within 
the MADSS evaluation framework, with special 
consideration given to trends (either observed 
or expected) in indicator values measured over 
several years.

The final decisions about which indicators to 
include/exclude in the MADSS decision tree as 
well as the determination of qualitative ratings 
(“scales”) and aggregation (“utility”) functions 
for each hierarchical level of the MADSS were 
also based on a combination of empirical data, 
modeling results, and literature review synthe-
sized through expert opinion. All of these deci-
sions were specific to our selected case study and 
alternative scenarios.

The sustainability ratings were generally ag-
gregated to the next (higher) level according to 
the following decision rules (a.k.a., utility func-
tions):
1)  If the indicator ratings were either all positive 

or mixed positive and intermediate, then the 
aggregate was assigned a positive value;

2) If the indicator ratings were either all negative 
or mixed negative and intermediate, then the 
aggregate was assigned a negative value;

3) If the indicator ratings were mixed positive and 
negative (and intermediate), then the aggregate 
was assigned an intermediate value; and

4) If the indicator ratings were all intermediate, 
then the aggregate was assigned an inter-
mediate value.

These utility functions were set up in order to 
avoid preferential weighting of any sustainabil-
ity indicators or categories during aggregation. 
Indicators were aggregated to the pillar level 
before making the final overall sustainability 
determination in order to prevent the larger 
number of environmental indicators from skew-
ing the assessment results.

The only exception to the general utility func-
tion for aggregation occurred for “profitability” 
within the Economic category of indicators (Ta-
ble 3). Based on the local context, the team de-
cided to combine the recommended return on 
investment (ROI) and net present value (NPV) 
indicators (Dale et al. 2013) into an overall mea-
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sure of economic return (high, medium, or low) 
and to add to this value a new indicator of prof-
it “variability” (high or low) with the idea that 
more stable income would be better for pro-
ducers. However, low variability was not con-
sidered enough of a positive to turn average or 
low returns into a highly profitable situation for 
switchgrass or pasture. And similarly, highly 
variable profits were not considered enough of 
a negative to turn the average returns into a low 
profitability trajectory for corn.

results

For this case study, the team found enough 
information to assign qualitative ratings to all 
12 of the recommended environmental and 
socioeconomic sustainability indicator categories 
and 28 of the 35 recommended individual in-
dicators (McBride et al. 2011, Dale et al. 2013). 
Environmental sustainability indicator ratings 
for all three agricultural scenarios are presented 
in Table 4; social sustainability indicator ratings 

Table 4. Environmental sustainability ratings of three alternative agricultural scenarios for East Tennessee, as 
based on a combination of empirical data, modeling results and literature synthesized through expert 
opinion.

Sustainability categories and 
underlying indicators No- till switchgrass Unmanaged pasture Tilled corn

Environmental sustainability High environmental  
  sustainability

High environmental  
  sustainability

Low environmental  
 �sustainability

Environmental outcomes Improved environmental  
  outcome(s)

Mixed environmental  
 �outcomes

Negative environmental  
 �outcome(s)

Biodiversity More biodiversity Some biodiversity Less biodiversity
Productivity High productivity Low productivity Average productivity
Greenhouse gases (GHGs) Some GHG emissions Fewer GHG emissions More GHG emissions

Environmental quality Improving aspect(s) of  
  environmental quality

Improving aspect(s) of  
  environmental quality

Declining aspect(s) of 
environmental quality

Soil quality Improving soil quality Improving soil quality Declining soil quality
Soil carbon Increasing soil carbon No change in soil carbon Decreasing soil carbon
Soil phosphorus (P) P applied at removal rate No P applied to soil Additions of P exceed  

 �removal rate
Soil bulk density Nonrestrictive bulk density Nonrestrictive bulk density Nonrestrictive bulk density

Hydrology Improving hydrologic  
  conditions

Improving hydrologic  
  conditions

Declining hydrologic  
 �conditions

Water quality Increasing water quality Increasing water quality Decreasing water quality
Nutrients Decreasing nutrient  

  concentrations
No change in nutrient  
 �concentrations

Increasing nutrient  
 �concentrations

Nitrate Decreasing nitrate  
  concentrations/export

No change in nitrate  
 �concentration

Increasing nitrate  
 �concentrations/export

Phosphorus (P) Decreasing P concentrations/ 
  export

No change in P  
 �concentrations/export

Increasing P  
 �concentrations/export

Sediment Decreasing sediment  
  concentrations

No change in sediment  
 �concentrations

Increasing sediment  
 �concentrations

Herbicide Herbicide applied during  
 �establishment only

No herbicide applications Frequent herbicide  
 �applications

Water availability Increasing water 
 availability

No change in water  
 �availability

No change in water  
 �availability

Base flow No change in base flow No change in base flow No change in base flow
Consumptive use Highly efficient water use Normal water use Normal water use

Storm flow Improved capacity to 
 absorb excess water

Expected storm runoff  
 �behavior

Expected storm runoff  
 �behavior

Air quality Higher air quality Higher air quality Average air quality
Ozone Lower ozone emissions Lower ozone emissions Average ozone emissions
Carbon monoxide (CO) Lower CO emissions Lower CO emissions Average CO emissions
Particulate matter (PM) Lower PM emissions Lower PM emissions Average PM emissions

Notes: Qualitative attribute ratings shown and italicized font relate to high sustainability. Qualitative ratings shown in bold 
font relate to low sustainability. Qualitative ratings shown in normal font relate to intermediate sustainability.
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are presented in Table 5, and economic sus-
tainability indicator ratings are presented in 
Table 6. A comparison of the 12 category ratings 
generated by MADSS for each of the three 
scenarios is shown in Fig. 4.

The no- till switchgrass production system 
showed high sustainability ratings for all of the 
environmental categories except for “green-
house gases” (Fig. 4), which was intermediate 
due to the large number of truck trips currently 

required to transport the bulky biomass from 
the field to the biorefinery. The unmanaged pas-
ture scenario showed intermediate to high sus-
tainability ratings for all of the environmental 
categories except for “productivity,” which was 
inherently low due to lack of management. The 
tilled corn scenario showed low to  intermediate 
sustainability ratings for all of the environmen-
tal categories due to the intensive management 
required to make this nonnative crop  profitable. 

Table 5. Social sustainability ratings of three agricultural scenarios for East Tennessee, as based on a combina-
tion of empirical data, modeling results and literature synthesized through expert opinion.

Sustainability categories and 
underlying indicators No- till switchgrass Unmanaged pasture Tilled corn

Social sustainability High Intermediate Intermediate
Social well- being Improved social  

 well-being
Decreased social  
  well-being

Improved social  
 well-being

Livelihood Improved livelihoods Decreased livelihoods No change in livelihood
Employment  More jobs Fewer jobs No change in # of jobs
Household income More household income Some household income Some household income

Work days lost Average work days lost Average work days lost Average work days lost
Food security No noticeable change in  

 �food volatility
No noticeable change in 
 food volatility

Decreasing food volatility

Resource conservation Net decrease in fossil fuel  
  consumption

Net decrease in fossil fuel  
  consumption

Net increase in fossil fuel  
  consumption

Social acceptability High social acceptability Neutral social acceptability Neutral social acceptability
Public opinion Positive public opinion Neutral public opinion Neutral public opinion
Information sharing High stakeholder  

 engagement
Average stakeholder 
 involvement

Average stakeholder  
 involvement

Risk of catastrophe Reduced risk Average risk Average risk

Note: Qualitative attribute ratings shown in italicized font relate to high sustainability. Qualitative ratings shown in bold 
font relate to low sustainability. Qualitative ratings shown in normal font relate to intermediate sustainability.

Table 6. Economic sustainability ratings of three agricultural scenarios for East Tennessee, as based on a com-
bination of empirical data, modeling results and literature synthesized through expert opinion.

Sustainability categories and 
underlying indicators No- till switchgrass Unmanaged pasture Tilled corn

Economic sustainability Intermediate Low High
Energy security Improved energy security No change in energy  

  security
Improved energy security

Energy security premium Low energy security 
 premium

Neutral energy security  
  premium

Low energy security  
 premium

Fuel price volatility Decreased fuel price  
 volatility

No change in fuel price  
  volatility

Decreased fuel price  
 volatility

Profitability Average profitability Mixed profitability  
  measures

Mixed profitability  
  measures

Return on investment and 
net present value

Average returns Low returns Average returns

Variability Low variability Low variability Highly variable
External trade No external trade No external trade High external trade

Notes: Qualitative attribute ratings shown in italicized font relate to high sustainability. Qualitative ratings shown in bold 
font relate to low sustainability. Qualitative ratings shown in normal font relate to intermediate sustainability.
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A rollup of the sustainability category ratings 
(Table 7) shows that no- till switchgrass and 
unmanaged pasture both achieved “high en-

vironmental sustainability” ratings relative to 
tilled corn’s “low environmental sustainability” 
 rating.

Fig. 4. Ratings of six environmental and six socioeconomic sustainability categories for no- till switchgrass 
relative to alternative scenarios of tilled corn production and unmanaged pasture. The center points of the 
hexagons represent lowest possible sustainability ratings, and the outer edges of the hexagons represent highest 
possible ratings. Thus, larger shaded areas indicate higher sustainability. Each category value represents an 
aggregation of underlying individual sustainability indicator values.

Table 7. Summary of the overall sustainability and sustainability pillar ratings for the East Tennessee 
switchgrass- to- ethanol experiment compared to two alternative agricultural scenarios.

Type of sustainability No- till switchgrass Unmanaged pasture Tilled corn

Overall sustainability High Intermediate Intermediate
Environmental sustainability High High Low
Economic sustainability Intermediate Low High
Social sustainability High Intermediate Intermediate
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A comparison of the socioeconomic category 
ratings (Fig. 4) shows that the switchgrass sys-
tem achieved high sustainability of all three of 
the social categories and for “energy security” 
but intermediate sustainability for “profitabil-
ity,” and low sustainability for “external trade” 
(as there is currently no trade mechanism in 
place for switchgrass or the locally produced 

cellulosic ethanol). Corn also achieved high “en-
ergy security” due to the fact that some of the 
locally produced corn is used to make ethanol, 
but its intense management requirements gave 
it a low “resource conservation” rating, and its 
“profitability” and “social acceptability” were 
intermediate relative to its high ratings for “ex-
ternal trade” and “social well- being.” Unman-
aged pasture was rated highly for “resource 
conservation” due to its lack of fossil fuel inputs 
but rated low to intermediate for the other socio-
economic sustainability categories. Overall, no- 
till switchgrass showed “high social sustainabil-
ity” and “intermediate economic sustainability” 
relative to tilled corn’s “high economic sustain-
ability” and “intermediate social sustainability” 
ratings and unmanaged pasture’s “low economic 
sustainability” and “intermediate social sustain-
ability” ratings (Table 7).

Multiattribute decision support system sus-
tainability determinations for the three pillars 
of environmental, social, and economic sus-
tainability, as developed with context- specific 
scaling and utility functions, are summarized in 
Table 7 and Fig. 5. Overall sustainability deter-
minations for each of the three scenarios were 
based on underlying qualitative ratings for en-
vironmental sustainability indicators (Table 4), 
social sustainability indicators (Table 5), and 
economic sustainability indicators (Table 6), 
which all contributed equally to the highest lev-
el of aggregation within the MADSS. The no- till 
switchgrass scenario achieved a “high sustain-
ability” rating overall based on its underlying 
“high environmental” and “high social sustain-
ability” ratings in conjunction with an “inter-
mediate economic sustainability” rating. The 
 unmanaged pasture and tilled corn scenarios 
each received an “intermediate sustainability” 
rating due to mixed environmental and eco-
nomic results in conjunction with “intermediate 
social sustainability” ratings.

dIscussIon

This sustainability analysis indicates that ded-
icated switchgrass production for a local biore-
finery is an attractive option for East Tennessee 
with regard to the majority of environmental 
and socioeconomic aspects of sustainability 
(Fig. 4). Although external trade does not yet 

Fig. 5. Relative contributions of the three 
sustainability “pillars” to the overall sustainability 
determination for no- till switchgrass (high 
sustainability) relative to alternative scenarios of tilled 
corn production (intermediate sustainability), and 
unmanaged pasture (intermediate sustainability). The 
center point of each triangle represents the lowest 
possible sustainability rating, and the outer edges 
represent the highest possible sustainability rating. 
Thus, larger shaded areas indicate higher sustainability.
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exist for this switchgrass commodity (causing 
this indicator category to receive the lowest 
rating of all of the sustainability categories for 
this scenario), our economic modeling indicates 
that switchgrass production can still be bene-
ficial to the counties surrounding the biorefinery 
in terms of dollars earned and jobs created. 
Once established, annual harvesting of switch-
grass can occur at times of the year when 
farmers are not typically busy preparing or 
harvesting other crops. This opportunity to make 
use of otherwise inactive equipment and laborers 
is a potential benefit captured only indirectly 
by our sustainability evaluation framework.

At the outset of this analysis, our team’s famil-
iarity with the context of this bioenergy system 
led us to anticipate that profitability and social 
acceptance (with its ties to local farmer pride in 
improving national energy security) would be 
the most critical sustainability indicators for the 
feedstock and logistics portions of the Vonore 
switchgrass- to- ethanol experiment. Although 
the MADSS showed low price variability and 
improved energy security for no- till switchgrass 
production, the overall economic sustainability 
rating was intermediate (Table 7). This rating was 
due to the strong influences of intermediate price 
returns and a lack of external trade (Table 6). Corn 
production showed a positive economic sustain-
ability rating in spite of its high variability and av-
erage returns (Table 6). This result derived largely 
from corn’s high trade volume coupled with the 
fact that some of the corn is also used for ethanol 
production, thereby helping to achieve energy se-
curity. Switchgrass did show a higher economic 
sustainability than unmanaged pasture, which is a 
predominant agricultural land use in East Tennes-
see. The switchgrass scenario was the only scenar-
io to show a positive social sustainability rating 
(Table 5), as strongly influenced by high levels of 
stakeholder involvement unique to this demon-
stration project (i.e., strong leadership by UT Ex-
tension Agents, multiple meetings, and surveys).

This case study of switchgrass- to- ethanol pro-
duction in East Tennessee was unique in several 
other respects. Switchgrass is native to East Ten-
nessee and has greater potential for consistent 
profit relative to corn production in the region 
than other areas of the United States. This was a 
demonstration project funded by the State of Ten-
nessee. Farmers were given incentives to grow 

switchgrass while the biorefinery was under con-
struction, thereby ensuring full yields and an ade-
quate supply of switchgrass by the time the biore-
finery came on line. The UT Extension Agents 
worked closely with each switchgrass producer to 
ensure optimal yields, and each producer was re-
quired to collect data throughout the duration of 
the project. Heavy involvement in the project by 
UT faculty and students led to the production of 
a variety of data sets and publications that might 
not be as readily available in other settings. All of 
these context- specific factors should be considered 
when comparing the sustainability assessment of 
this pilot- scale switchgrass- to- ethanol experiment 
with other bioenergy systems in other settings.

Limited data availability from commercial- scale 
and even pilot- scale cellulosic biofuel production 
systems currently precludes the collection of data 
pertaining to all 35 of the recommended indicators 
of sustainability across each relevant step of the bio-
fuel supply chain (Fig. 1). Although we chose to lim-
it our case study analysis to the feedstock produc-
tion and logistics portions of the supply chain, we 
lacked sufficient data to conduct a quantitative anal-
ysis of sustainability based on the 35 recommended 
indicators (McBride et al. 2011, Dale et al. 2013). The 
available data sets varied widely in terms of quality, 
spatial extent, and length of record, but there was 
sufficient information to compare sustainability 
across all 12 of the recommended  categories of in-
dicators. It is important to acknowledge the wide 
range of spatial extents covered by this analysis, 
including: point- source data related to the biomass 
processing facility; field- scale analysis of soil qual-
ity and fertilizer management regimes as well as 
harvesting  operations; catchment-  and watershed- 
level examination of sediment and nutrient and 
herbicide runoff; regional- scale analysis of trade 
 volumes and air emissions from an 11- county road 
network; and national- scale fuel price volatility. In 
spite of these complicating factors, the use of avail-
able data sets (both empirical and modeling based) 
in combination with local expert knowledge and 
literature review enabled us to assign qualitative 
ratings to nearly all of the indicators for aggregation 
within the hierarchical decision tree framework. 
Thus, this case study demonstrates that incomplete 
information does not preclude holistic assessment 
of a bioenergy system’s sustainability.

Sustainability assessments will benefit from 
indicator measurements repeated over time, and 
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we recommend the periodic incorporation of 
newly acquired data into sustainability evalua-
tion frameworks such as the MADSS presented 
here as well as the into management processes. 
Through the process of adaptive management, 
i.e., the viewing of policies and system interven-
tions as experiments that need to be continuous-
ly monitored, updated, and adjusted (Groot and 
Rossing 2011), more complete understanding of 
bioenergy production systems will be gained 
over time, and it will become possible to assign 
meaningful targets and weightings to the pro-
posed set of environmental and socioeconomic 
sustainability indicators. Ultimately, sustain-
ability assessments of a variety of bioenergy 
feedstocks in diverse settings will be necessary 
for the development of sound best management 
practices that sufficiently address the multiple 
and sometimes competing demands of stake-
holders.
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