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Oak Ridge National Laboratory (ORNL)
DOE lab located in the hills of east TN

•Engineers 
•Nuclear 
•Material
•Chemical

•Scientists 
•Biology
•Environmental science
•Chemistry
•Computer science
•Geography
•Economics
•Social Science
•Physics

• 4,500 staff

• 3,000 visitors per year 
(for more than 2 weeks)

• Focus on energy



Sustainability Research

• Advance common definitions of 
environmental & socioeconomic 
costs and benefits of energy 
systems

• Quantify opportunities, risks, & 
tradeoffs associated with making 
progress toward sustainability in 
specific contexts



Focusing on sustainability brings together disparate perspectives.



Overall Approach 

*



Common categories for environmental & 
socioeconomic sustainability

Greenhouse gas emissions

Soil quality

Water quality 
and quantity

Air quality

Biological 
diversity

Productivity

McBride et al. (2011) 
Ecological Indicators
11:1277-1289

Social well being

External 
trade

Energy 
security

Profitability

Resource 
conservation

Social 
acceptability

Dale et al. (2013)
Ecological Indicators 
26:87-102.

Recognize that measures and interpretations 
are context specific

Efroymson et al. (2013) Environmental Management 51:291-306.



Categories of environmental sustainability indicators
Environment Indicator Units

Soil quality 1. Total organic carbon 
(TOC)

Mg/ha

2. Total nitrogen (N) Mg/ha

3. Extractable 
phosphorus (P)

Mg/ha

4. Bulk density g/cm3

Water quality 
and quantity

5. Nitrate concentration 
in streams (and export)

concentration: mg/L;
export: kg/ha/yr

6. Total phosphorus (P) 
concentration in streams 
(and export)

concentration: mg/L;
export: kg/ha/yr

7. Suspended sediment 
concentration in streams 
(and export)

concentration: mg/L;
export: kg/ha/yr

8. Herbicide 
concentration in streams 
(and export)

concentration: mg/L;
export: kg/ha/yr

9. storm flow L/s
10. Minimum base flow L/s
11. Consumptive water 
use (incorporates base 
flow)

feedstock production: 
m3/ha/day;
biorefinery: m3/day

Environment Indicator Units
Greenhouse 
gases

12. CO2 equivalent 
emissions (CO2 and N2O)

kgCeq/GJ

Biodiversity 13. Presence of taxa of 
special concern

Presence

14. Habitat area of taxa of 
special concern

ha

Air quality 15. Tropospheric ozone ppb

16. Carbon monoxide ppm

17. Total particulate 
matter less than 2.5μm 
diameter (PM2.5)

µg/m3

18. Total particulate 
matter less than 10μm 
diameter (PM10)

µg/m3

Productivity 19. Aboveground net 
primary productivity 
(ANPP) / Yield

gC/m2/year

McBride et al. (2011) Ecological 
Indicators 11:1277-1289
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Indicator approach should apply across supply chain
(example is biofuel supply chain)



Feedstock type

Resource 
conditions

Management

Processing

Harvesting 
and collection

Storage

Transport

Fuel type

Conversion 
process

Co-products

Storage

Transport

Blend conditions

Engine type 
and efficiency

Environmental sustainability indicators occur 
at all steps of the biofuel supply chain

Feedstock 
production 

Feedstock 
logistics 

Conversion to 
biofuel Biofuel logistics Biofuel

End uses

Categories without major effects

Soil quality
Water
Greenhouse gases
Biodiversity
Air quality
Productivity

Categories of Environmental Sustainability

Efroymson et al.  (2013) Environmental 
Management 51:291-306.



Categories of socioeconomic 
sustainability indicators

Category Indicator Units
Social well‐
being

Employment Number of full time 
equivalent (FTE) jobs 

Household income Dollars per day

Work days lost due 
to injury

Average number of work 
days lost per worker per 
year

Food security Percent change in food 
price volatility 

Energy 
security

Energy security 
premium

Dollars /gallon biofuel

Fuel price volatility Standard deviation of 
monthly percentage price 
changes over one year

External  
trade 

Terms of trade Ratio (price of exports/price 
of imports)

Trade volume Dollars (net exports or 
balance of payments)

Profitability Return on investment
(ROI)

Percent (net investment/ 
initial investment)

Net present value 
(NPV)2

Dollars (present value of 
benefits minus present 
value of costs)

Category Indicator Units

Resource
conservation 

Depletion of 
non-
renewable  
energy 
resources 

MT (amount of petroleum 
extracted per year )

Fossil Energy 
Return on 
Investment 
(fossil EROI)

MJ (ratio of amount of 
fossil energy inputs to 
amount of useful energy 
outputt

Social 
acceptability 

Public opinion Percent favorable 
opinion 

Transparency Percent of indicators for 
which timely and relevant 
performance data are 
reported 

Effective 
stakeholder 
participation

Number of documented 
responses to stakeholder 
concerns and 
suggestions reported on 
an annual basis 

Risk of 
catastrophe

Annual probability of 
catastrophic event 

Dale et al. (2013) Ecological Indicators 26:87-102.
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Feedstock type

Resource 
conditions

Management

Processing

Harvesting 
and collection

Storage

Transport

Fuel type

Conversion 
process

Co-products

Storage

Transport

Blend conditions

Engine type 
and efficiency

Dale et al. (2013) Ecological 
Indicators 26: 87-102. 

Socioeconomic sustainability indicators occur at all 
steps of the biofuel supply chain

Feedstock 
production 

Feedstock 
logistics 

Conversion to 
biofuel Biofuel logistics Biofuel

End uses

Profitability
Social well being
External trade
Energy security
Resource conservation
Social acceptability

Categories of  Socioeconomic Sustainability

Categories without major effects



Framework for Selecting Indicators in Context

Dale et al. 2015. Biofuels, Bioproducts
& Biorefining 9(4):435-416.



Farmer’s 
decisions:
•What to plant?

• Where to plant it?
•How to manage it?

Farmer’s 
decisions:
•What to plant?

• Where to plant it?
•How to manage it?

Feedstock logistic 
decisions:

•How to harvest and collect
feedstock?

•How to process?
•How to store?

•How to transport?

Feedstock logistic 
decisions:

•How to harvest and collect
feedstock?

•How to process?
•How to store?

•How to transport?

Conversion 
decisions:

•What process to 
use?

•What fuel type to 
produce?

•What coproducts?

Conversion 
decisions:

•What process to 
use?

•What fuel type to 
produce?

•What coproducts?

Biofuel 
logistics 
decisions:
•Where and how 
to transport?

•Where and how 
to store?

End user 
decisions:
•What type of 
vehicle to buy?
•What blend of 
fuel to use?

Decisions occur at all points along 
supply chain and at different scales 

Individual perspective:

Cumulative perspective:

Land cover and 
use patterns and 

practices

Collection, 
processing, storage 
and movement  of 
goods across the 

landscape

Distribution of 
conversion 

facilities across 
the landscape 

Transportation 
and storage of 
biofuels for a 
region and the 

nation  

National and 
regional 
choices of 
vehicles and 

fuels

Feedstock 
production

Feedstock 
Logistics 

Conversion to 
Biofuel

Biofuel 
Logistics

Biofuel
End‐Uses



Consider indicators within system as an opportunity to 
design landscapes that add value

Dale et al. (In review) Incorporating Bioenergy into Sustainable Landscape 
Designs. Renewable & Sustainable Energy Reviews



Landscape Design 

17
Dale et al. (in review)



Tools for Analysis

18



Parish et al. (2012) Biofuels, Bioprod. Bioref. 6:58–72.

Assessing multiple effects of bioenergy choices 
An optimization model identifies 
“ideal” sustainability conditions 
for using switchgrass for bioenergy 
in east Tennessee

Spatial multiple objective 
optimization model 
• Identifies where to locate 

plantings of bioenergy crops 
given feedstock needs for 
Vonore refinery 

• Considering 
– Farm profit 
– Water quality constraints 



Biomass Location for 
Optimal Sustainability 

Model (BLOSM)

Soil and 
Water 

Assessment 
Tool (SWAT)

Input data 
•Existing land cover
•Soil type
•Elevation/slope
•Hydrology
•Prevailing climate
•Parameters for modeling 
perennial switchgrass growth
•Management (e.g., fertilizer use)

Conduct 3 sets of parallel runs on 
63 subbasin pairs in order to test 
effects of converting individual 
hydrologic response units (HRUs) 
to switchgrass
• Baseline runs
• Individual HRU conversion runs
• All switchgrass runs

Objective functions can consider
• Farm profit
• Water quality impacts at sub-basin level 

- Total nitrogen concentration 
- Total phosphorus concentration 
- Total suspended sediment concentration 

Assumptions
• Meet switchgrass production target
• Convert only agricultural or pasture/hayland
• Possibly constrain total quantity of 

agricultural land converted

Policy Analysis 
System  

(POLYSYS)

Optimal spatial locations for 
planting bioenergy crops to 

meet specific objectives

Values by crop 
type
• Price 
• Yield 

Supplemental input data
• Empirical US grid of 

switchgrass yields
• University of Tennessee 

Institute of Agriculture 
economic information

Projected changes in pollutant 
concentrations at each subbasin 
outlet based on land-use 
configuration selected
•Total suspended sediments
•Total nitrogen 
•Total phosphorous

Optimization Approach



Land area recommended for switchgrass in this watershed: 
1.3% of the total area (3,546 ha of 272,750 ha)

Balancing objectives:  Design of cellulosic bioenergy 
crop plantings may both improve water quality and increase profits 

while achieving a feedstock‐production goal

Target:

Parish et al. (2012) Biofuels, Bioprod. Bioref. 6:58–72
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Using Multi‐Attribute Decision Support System (MADSS): 
to compare sustainability of 3 scenarios in east Tennessee
Leverages data from SE Partnership for Integrated Biomass Supply Systems (IBSS) 

23



24 Managed by UT-Battelle
for the U.S. Department of Energy

Case Study of MADSS 
Applied to East TN:
Determines relative 
contributions of three 
“pillars” to overall 
sustainability

Key to chart

Social 
sustainability

Economic 
sustainability

Environmental 
sustainability

[Parish et al. (In press) Assessing multimetric
aspects of sustainability. Ecosphere] 

The center point of each triangle represents 
the lowest possible rating, and the outer 
edges represent the highest rating.

No-Till switchgrass

Tilled corn                

Environmental 
sustainability

Economic 
sustainability

Social 
sustainability

Environmental 
sustainability

Environmental 
sustainability

Economic 
sustainability

Economic 
sustainability

Social 
sustainability

Social 
sustainability

Unmanaged pasture  



25 Managed by UT-Battelle
for the U.S. Department of Energy

Food security issues
International workshop* helped frame key issues

• Identify synergies – for example
– Flex crops (can be used for food or fuel)
– Bringing infrastructure to rural areas that supports food and fuel
– Sustainability is key to both

• Ask questions that matter
• Use clear terminology

http://www.ifpri.org/event/workshop-biofuels-and-food-security-interactions*
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The nexus between biofuel sustainability and food 
security invokes a focus on resource management

(Kline et al. In prep)



27 Managed by UT-Battelle
for the U.S. Department of Energy

Nexus
•Good governance

•Infrastructure & technology
•Integrated crop management

•Ecosystem services
•Social services
•Extreme events

Key attributes of the nexus

(Kline et al. In prep)
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Biofuel sustainability 
Food security

•Income enhancement & 
diversification
•Energy for food 
production, processing, & 
transportation
•Reduced volatility in 
market prices
•Enhanced sustainability of 
food crops  

Food security 
Biofuel sustainability
•Oversupply cushion required for 
food security  
•Healthy workforce underpins 
biomass markets 

Nexus
•Good governance

•Infrastructure & technology
•Integrated crop management

•Ecosystem services
•Social services
•Extreme events

Biofuel sustainability affects food 
security and vice versa

(Kline et al. In prep)
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Resource management 
Biofuel sustainability 
•Increased efficiency & productivity of 
biomass
•Opportunities & constraints on locations 
for planting & harvesting 

Food security 
Resource management
•Secure, healthy diet is a prerequisite for 
management  
•Incentives for restoration
•Reduced pressure on marginal lands   

Biofuel 
sustainability 
Food security

•Income enhancement & 
diversification
•Energy for food 
production, processing, 
& transportation
•Reduced volatility in 
market prices
•Enhanced sustainability 
of food crops  

Food security 
Biofuel sustainability
•Oversupply cushion required for 
food security  
•Healthy workforce underpins 
biomass markets 

Biofuel sustainability 
Resource management
•Reduced greenhouse gas emissions
•Attention to land-use planning & biodiversity
•Incentives for restoration 

Resource 
management 
Food security
•Good management 
underpins food security
•Increased efficiency 
& productivity of food
•Place-based 
opportunities & 
constraints

Nexus
•Good governance
•Infrastructure 

& technology
•Integrated crop 

management
•Ecosystem services

•Social services
•Extreme events

(Kline et al. In prep)



Opportunities

• Conserving fossil energy resources
• Enhanced food & energy security
• Increasing rates and stability of 
employment

• Reduced risk of catastrophes
• Better management of renewable 
resources

• Improving environmental conditions 
– Soils
– Water
– Biodiversity
– Carbon

• Reducing wastes and inefficiencies 
• Existing infrastructure, know‐how and 
technologies

• Retaining land in agriculture or forest

Barriers
• Economics 
─ Easy access to inexpensive fossil fuels
─ Unstable policy
─ Up‐front costs of new energy systems
─ Uneven playing field (e.g., subsidies)
─ Need for new, high‐risk investment

• Public perceptions
• Unmet expectations
• Lack of Infrastructure for new systems
• Uncertainty about future demand and 
price structure

• Sustainability concerns
– Food security
– Biodiversity
– Ambitious requirements
– Certification costs, administrative 
burdens

– Diversity of indicators

Opportunities & Barriers for more Sustainable FEW Systems

Dale and Kline (in review)



Path Forward 
• Adopt systems approach
• Involve team of investigators
• Address appropriate scale
• Engage stakeholders to develop collective 
understanding and resolution of issues 

31



Example: systems perspective of hypoxia in Gulf of Mexico
(Dale et al. 2010)

1. Systems approach
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Authors and Members of the Hypoxia Advisory Committee of the Science Advisory Board (SAB) of the Environmental Protection 
Agency (EPA)

Virginia Dale David Wangsness Mark David Hans Paerl

Catherine L. Kling Thomas Bianchi Denis Gilbert Kenneth Reckhow

Judith L. Meyer Alan Blumberg Robert W. Howarth Andrew N. Sharpley

James Sanders Walter Boynton Richard Lowrance Thomas W. Simpson

Holly Stallworth Daniel J. Conley Kyle Mankin Cliffort S. Snyder

Thomas Armitage William Crumpton James Opaluch Donelson Wright

2. Team approach



3. Address appropriate scale of issue 



4. Engage stakeholders to develop collective 
understanding and resolution of issues 
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http://www.ornl.gov/sci/ees/cbes/ 

Thank you!

This research is supported by the U.S. Department of Energy (DOE) 
Bio-Energy Technologies Office and performed at Oak Ridge National 
Laboratory (ORNL). Oak Ridge National Laboratory is managed by 
the UT-Battelle, LLC, for DOE under contract DE-AC05-00OR22725. 


