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a  b  s  t  r  a  c  t

Indicators  are  needed  to  assess  both  socioeconomic  and  environmental  sustainability  of bioenergy  sys-
tems. Effective  indicators  can  help  to identify  and  quantify  the sustainability  attributes  of  bioenergy
options.  We  identify  16  socioeconomic  indicators  that  fall  into  the  categories  of  social  well-being,  energy
security,  trade,  profitability,  resource  conservation,  and  social  acceptability.  The suite  of indicators  is
predicated  on  the  existence  of basic  institutional  frameworks  to provide  governance,  legal,  regulatory
and enforcement  services.  Indicators  were  selected  to  be  practical,  sensitive  to stresses,  unambiguous,
anticipatory,  predictive,  calibrated  with  known  variability,  and  sufficient  when  considered  collectively.
The  utility  of  each  indicator,  methods  for its measurement,  and  applications  appropriate  for  the  context
of particular  bioenergy  systems  are  described  along  with future  research  needs.  Together,  this  suite  of
indicators  is  hypothesized  to  reflect  major  socioeconomic  effects  of  the  full supply  chain  for  bioenergy,
including  feedstock  production  and logistics,  conversion  to biofuels,  biofuel  logistics  and  biofuel  end  uses.
Ten  of those  16  indicators  are  proposed  to be  the  minimum  list of practical  measures  of  socioeconomic
aspects  of  bioenergy  sustainability.  Coupled  with  locally  prioritized  environmental  indicators,  we pro-
pose  that  these  socioeconomic  indicators  can  provide  a basis  to  quantify  and  evaluate  sustainability  of
bioenergy  systems  across  many  regions  in which  they  will  be deployed.

© 2012  Published  by  Elsevier  Ltd.

1. Introduction26

Sustainability is often considered to be the capacity of an activ-27

ity to continue while maintaining options and the ability to meet28

needs of future generations (Bruntland, 1987). While the science of29

sustainability is evolving, its definition depends on local conditions30

and stakeholders. Because sustainability is not a “steady state” or31

fixed target, assessing it involves comparing the relative merits of32

different options, and achieving it allows for continued adjustment33

in response to changing conditions, knowledge, and priorities. Sus-34

tainability assessment requires an understanding of how dynamic35

processes interact under alternative trajectories and how interpre-36

tations depend on the priorities of stakeholders in a specific place37

and time. We  propose a set of socioeconomic sustainability indi-38

cators for bioenergy. The target audience for use of sustainability39

indicators includes policy makers, business people, and other stake-40

holders in all stages of the supply chain– from land managers or41

∗ Corresponding author. Tel.: +1 865 576 8043; fax: +1 865 576 3989.
E-mail address: dalevh@ornl.gov (V.H. Dale).

waste suppliers to those involved in logistics, conversion facilities 42

and end users. 43

Indicators provide information about potential or realized 44

effects of human activities on phenomena of concern. Indicators 45

can be used to assess both the socioeconomic and environmental 46

conditions of a system, to monitor trends in conditions over time, or 47

to provide an early warning signal of change (Cairns et al., 1993). It is 48

widely recognized that some socioeconomic indicators are related 49

to environmental indicators (e.g., resource conservation) and that 50

public acceptance depends on environmental impacts (MEA, 2005; 51

Collins et al., 2011). Yet social and economic conditions are impor- 52

tant on their own as well. 53

Thus, this manuscript builds from prior work proposing envi- 54

ronmental indicators of bioenergy systems (e.g., McBride et al., 55

2011) and adds socioeconomic metrics. While this analysis is 56

designed to be broad enough to apply to bioenergy, generally, the 57

indicators were selected based on transportation biofuel produc- 58

tion pathways. The analysis was  designed to address three goals: 59

to choose indicators that can be useful to decision makers; to select 60

measures of sustainability that are applicable across the entire 61

bioenergy supply chain; and to identify a minimum set of indica- 62

tors. The proposed indicators are meant to be complementary to 63
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efforts designed to assess performance of transportation systems64

(e.g., Transportation Research Board, 2011).65

The first goal is to identify a set of socioeconomic indicators that66

can effectively support policy makers and planners. We  seek clearly67

specified, science-based metrics that can, for example, support68

decisions about implementation and expansion of more sustain-69

able bioenergy options over time. Reaching agreement on how to70

define and measure socioeconomic effects of bioenergy can facili-71

tate constructive dialogue and comparison by providing a common72

platform to evaluate relative merits. The data collected for these73

indicators and the understanding they provide could support pro-74

grams such as voluntary certification and emerging sustainability75

standards (van Dam et al., 2008; ISO, 2010). Furthermore, since the76

focus is on energy, the indicators should allow the comparison of77

bioenergy to other energy systems and the identification of pre-78

ferred pathways and practices for bioenergy. For this reason we79

attempt to include indicators that are pertinent to both biofuels80

and other energy pathways.81

A second goal is to identify indicators that apply across the82

supply chain, including feedstock production and logistics, conver-83

sion to biofuels, biofuel logistics and biofuel end uses, as defined84

by the players at each stage. For example, growers and suppliers85

are the major actors in the feedstock production stage; the con-86

version stage involves biorefineries; and fuels users (including the87

public) are at the end-user stage. It is important to consider the88

components of the supply chain both individually and collectively.89

The third goal is to identify a minimum set of indicators of90

socioeconomic aspects of sustainable bioenergy systems based on91

defined selection criteria. The lack of consistent application of92

selection criteria can undermine attempts to promote sustaina-93

bility indicators by generating well-intended but cumbersome94

wish lists. Too many indicators and data requirements thwart95

effective adoption because of prohibitive costs and unacceptable96

technical or administrative burdens. Selecting a set of indicators97

that is both complete in scope (sufficient when taken as a suite)98

and parsimonious is difficult.99

Social aspects of sustainable bioenergy involve preserving liveli-100

hoods and affordable access to nutritious food; guaranteeing the101

reliability of the energy supply; and protecting the safety of people,102

facilities, and regions. They also include using open and transparent103

participatory processes that actively engage stakeholders, establish104

obligations to ensure that human rights are respected, and emplace105

a long-term sustainability plan with periodic monitoring.106

Economic aspects of bioenergy sustainability involve maintain-107

ing viable production, distribution and consumption of goods and108

services. This concept addresses short and long-term profitability109

of feedstocks, interaction with technical advances in society, dif-110

ferential costs of production and transport of various fuels, and the111

accounting and distribution of costs and benefits. The economic112

sustainability perspective recognizes the exigencies of production113

decisions which are influenced by the expected price for a crop and114

perceived risks of production and cropping practices. The potential115

for co-products also can affect economic costs and benefits across116

the supply chain (Vlysidis et al., 2011). Thus, interactions with other117

markets including animal feed, fiber, and food are considered. Eco-118

nomic factors are influenced by government policies, technology,119

energy and feedstock prices, demand resulting from diverse energy120

uses, and environmental consequences.121

Our review of proposed indicators for bioenergy sustainability122

illustrates four significant challenges: (1) the sheer number and123

complexity of indicators required to cover the breadth of sus-124

tainability; (2) the costs of applying the indicators; (3) a lack of125

data – both now and in the foreseeable future –that are required126

to effectively apply proposed indicators; and (4) open-ended or127

inconsistent definitions of indicators, units and methods of mea-128

surement, leading to wide-ranging outcomes and incomparable129

results. The growing field of research and policies associated with 130

the sustainability of bioenergy systems builds on decades of work 131

in sustainable forestry and agriculture. Many organizations have 132

identified measures to document practices for more sustainable 133

agriculture [e.g., the Millennium Ecosystem Assessment (MEA, 134

2005), the National Sustainable Agriculture Information Service 135

(Earles and Williams, 2005), U.S. Department of Agriculture Nat- 136

ural Resources Conservation Service, and Dale and Polasky (2007)], 137

forestry [Forestry Stewardship Council, FAO, 2011b, state-wide 138

best practices, etc.], bioenergy feedstock production [(e.g. United 139

Nations Food and Agriculture Organization, FAO, 2012, Mata et al. 140

(2011))] and economic development (e.g., USAID, 1998). Our work 141

builds from those efforts as well as consideration of the indicators 142

proposed by the Roundtable on Sustainable Biofuels (RSB, 2011), 143

Global Bioenergy Partnership (GBEP, 2011), Council on Sustain- 144

able Biomass Production (CSBP, 2011), and several other national 145

and international efforts that are in the process of selecting sus- 146

tainability indicators for bioenergy. For example, the International 147

Organization for Standardization (ISO) is developing criteria for 148

bioenergy sustainability with plans to release a draft standard by 149

2014. 150

While prior efforts have gone a long way toward defining terms 151

and building consensus about the importance of addressing sus- 152

tainability associated with energy production and use, none have 153

provided a short list of practical measures that cover key ele- 154

ments of socioeconomic aspects of sustainability. For example, 155

GBEP lists 16 social and economic indicators but the corresponding 156

methodology sheets specify 40 sub-indicators and discuss about 157

30 additional measurements (GBEP, 2011). The RSB enumerates 158

over 100 indicators under seven socioeconomic principles, and 159

full compliance may  require additional measurements and analy- 160

ses, depending on the circumstances. Furthermore, many proposed 161

indicators lack precision in definitions and protocols necessary for 162

consistent measurement or equitable comparison. After consider- 163

ing recent efforts to establish indicators, we  propose substantially 164

fewer. 165

The objective of this paper is to present a small set of clearly 166

defined indicators that focus on socioeconomic effects of bioen- 167

ergy systems and that are feasible to measure. We  identify a core 168

suite of 10 indicators that can support monitoring and character- 169

ization of major effects that many bioenergy systems have or are 170

likely to have on social and economic sustainability. We  identify 171

six additional indicators: four that require further refinement to be 172

consistently applied and two options for added perspective. The 173

indicators are organized under six categories: social well-being, 174

energy security, external trade, profitability, resource conservation, 175

and social acceptability (Table 1). Together with environmental 176

indicators, this identification of socioeconomic indicators is pro- 177

posed to provide a basis for moving forward in testing, evaluating 178

and implementing a standard set of sustainability indicators for 179

bioenergy systems across diverse settings and scales. 180

2. Approach 181

2.1. Criteria for selecting sustainability indicators 182

Our selection of indicators of bioenergy sustainability is based 183

on the availability of information about socioeconomic conditions 184

for each category, on other efforts to identify sets of indicators, and 185

on established criteria for selecting indicators. Dale and Beyeler 186

(2001) analyzed existing literature on indicator selection to identify 187

key criteria: 188

1. practical (easy, timely, and cost-effective to measure), 189
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Table  1
List of recommended indicators for socioeconomic aspects of sustainability of biofuels, conditions related to each indicator, and selected references on how each indicator
could  be measured. Evaluation of each of these indicators should consider the attribution due to the biofuel system being assessed. Food security, energy security premium,
and  risk of catastrophe require relatively more effort to develop data and measurement tools than the other indicators. The shaded boxes are the 10 indicators proposed to
be  the minimum list of practical measures of socioeconomic aspects of bioenergy sustainability.

Category Indicator Units Potential related conditions Selected references for methods and
data

Social well- being Employment Number of full time equivalent (FTE)
jobsa

Hiring of local people; rural
development; capacity building; food
security

Thornley et al. (2008),  DTI (2004) and
HM Treasury (2003)

Household  income Dollars per day Food security, employment, health,
energy security, social acceptance

Smeets et al. (2008)

Work  days lost due to
injury

Average number of work days lost
per  worker per year

Employment conditions, risk of
catastrophe, social conditions,
education and training

US Bureau of Labor Statistics
(http://www.bls.gov/)

Food  security Percent change in food price
volatilityb

Household income, employment,
energy security

FAO (2011a)

Energy  security Energy security
premium

Dollars per gallon of biofuel Crop failures, oil or bioenergy price
shocks; macroeconomic losses; shifts
in policy, geo-politics or cartel
behavior; exposure to import costs;
new  discoveries and technologies
affecting stock/demand ratio

Leiby (2008)

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

USDA or EIA bioenergy price data

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

Energy security, profitability US Department of Commerce and
international agencies such as the
International Monetary Fund and
World  Bank

Trade  volume Dollars (net exports or balance of
payments)

Energy security, profitability

Profitability  Return on
investment(ROI)

Percent (net investment/initial
investment)

Soil properties and management
practices; sustainability certification
requirements; global market prices,
terms  of trade

Mankiw (2010)

Net  present value
(NPV)c,d

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

Resource
conservation

Depletion of
non-renewable energy
resources

Amount of petroleum extracted per
year (MT)

Total stocks maintained; other
critical resources depleted and
monitored depending on context (e.g.
water,  forest, ecosystem services)

IEA data for “Indigenous Production
of Crude Oil, NGL and Refinery
Feedstocks”

Fossil  Energy Return on
Investment (fossil
EROI)

Ratio of amount of fossil energy
inputs to amount of useful energy
output (MJ) (adjusted for energy
quality)

Petroleum share of fossil energy;
imported share of fossil energy;
energy quality factors; total
petroleum consumed

Murphy et al. (2011),  Mulder and
Hagens  (2008)

Social  acceptability Public opinion Percent favorable opinion Aspects of social well being,
environment, energy security, equity,
trust,  work days lost, stakeholder
participation and communication,
familiarity with technology,
catastrophic risk

Visschers et al. (2011) and related
survey methods

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

Identification of a complete suite of
appropriate environmental and
socio-economic indicators

McBride (2011) and this paper
provide an initial suite of 35
indicators; ISO 26000 (2010) and
ECOLOGIA (2011) provide guidance
on public reporting

Effective  stakeholder
participation

Percent of documented responses
addressing stakeholder concerns and
suggestions, reported on an annual
basisf

Public concerns and perceptions;
responsiveness of decision-makers or
project authorities to stakeholders;
full suite of environmental and
socio-economic indicators

ISO 26000 (2010) and ECOLOGIA
(2011) provide guidance on
identifying stakeholders, establishing
effective two-way dialogue,
demonstrating responsiveness, and
facilitating stakeholder participation

Risk  of catastropheg Annual probability of catastrophic
event

Health, including days lost to injury;
environmental conditions

Frequency of catastrophic events
based on current incidence or similar
technology

a FTE employment includes net new jobs created, plus jobs maintained that otherwise would have been lost, as a result of the system being assessed.
b The inherent complexity of establishing and measuring an indicator of food security implies that significant time, cost, and analytical effort will be needed to reach

agreement on its definition, methodology, and application. In the meantime, we  propose that the previous indicators for employment and household income serve as
practical proxy measures for food security.

c Conventional economic models can address long-term sustainability issues by extending the planning horizon (e.g., projecting as an infinite geometric series) or calculating
with  a low discount rate.

d Can be expanded to include non-market externalities (e.g., water quality, GHG emissions).
e This percentage could be based on the total number of social, economic and environmental indicators identified via stakeholder consultation or on the 35 indicators listed

here  and in McBride et al. (2011) for which relevant baseline, target and performance data are reported and made available to the public on a timely basis (at least annually).
f This indicator is relatively simple but may be difficult to interpret (e.g., whether an issue is effectively addressed is a subjective determination; and measurement is

influenced by the ease with which stakeholder concerns and suggestions can be submitted, their comfort level in doing so, and how these inputs are tabulated).
g A catastrophic event can be defined as an event or accident that has more than 10 human fatalities, affects an area greater than 1000 ha, or leads to extinction or extirpation

of  a species.
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2. sensitive and responsive to both natural and anthropogenic190

stresses to the system,191

3. unambiguous with respect to what is measured, how measure-192

ments are made, and how response is measured,193

4. anticipatory of impending changes,194

5. predictive of changes that can be averted with management195

action,196

6. calibrated with known variability in response to changes, and197

7. sufficient when considered collectively (i.e., a suite of indicators198

integrates changes in socio-economic sustainability) (Dale and199

Polasky, 2007).200

Indicators meeting these criteria should allow users to set tar-201

gets and create incentives for continual improvement toward more202

sustainable processes. Furthermore, indicators should provide203

comparable measurements of performance across different con-204

texts where they will be applied. Additional standards apply to205

the data used to support indicator measurement, e.g., data validity,206

reliability, quality/uncertainty, timeliness, and representativeness207

(USAID, 1998). We  acknowledge that some proposed indicators are208

more complex and costly to measure than others but contend that209

these costs become manageable if broad agreement to focus on a210

limited set of measures can be reached.211

Collectively, the proposed suite of socioeconomic and envi-212

ronmental indicators forms a hypothesis of how effects on213

sustainability may  be assessed. We  submit that this suite of indi-214

cators could serve as a starting point to be adapted as necessary to215

address priorities for assessment in a specific place and time. The216

next step would be to test this hypothesis in diverse bioenergy sys-217

tems and a variety of locations (see Section 4.3). The list of potential218

indicators should be reassessed as new information, technologies219

or data-collection techniques come online.220

2.2. Prerequisites for selecting sustainability indicators221

Legal and regulatory compliance are considered prerequisites222

for sustainability. Nations in protracted crisis and lacking adequate223

administration of justice show consistently high levels of food inse-224

curity, poverty and deforestation (FAO, 2010, 2005). The Global225

Bioenergy Partnership (GBEP, 2011) notes that many institutional226

and policy aspects that are important and relevant for sustaina-227

bility lie outside the scope of bioenergy indicators. GBEP lists 15228

such issues with “good governance” at the top. In a specific exam-229

ple, the challenges of developing a sustainable biofuel industry in230

the context of ineffective governance are addressed for Jatropha in231

Tanzania (Habib-Mintz, 2010; Romijn and Caniëls, 2011).232

Respect for clearly defined and socially accepted land tenure233

rights is another key prerequisite for measuring and achieving234

bioenergy sustainability. Situations that led to past land conflicts235

are unlikely to be resolved by a bioenergy project, no matter236

how well it fits sustainability strategies. While land ownership237

and resource tenure are highly varied and important for sustaina-238

bility (Bailis and Baka, 2011), these concerns are neither new nor239

unique to bioenergy. A study by the Global Commercial Pressures240

on Land Project found that “four key failures of governance” were241

responsible for a long list of negative impacts associated with “landQ2242

grabbing” (Anseeuw et al., 2012). We  agree with guidelines pro-243

posed by the FAO that are applicable to any activity involving land244

transactions: the affected individuals, groups, and/or institutions245

should be consulted, traditional access to land by local commu-246

nities should be safeguarded, and any affected parties should be247

identified and appropriately compensated (FAO, 2011a).248

Given the role of governance discussed above, indicator selec-249

tion depends on an assumed socio-political and legal context. Stable250

and transparent governance that is both legitimate and account-251

able is a prerequisite for energy security (Sovacool and Mukherjee,252

2011), and we argue similar conditions are required for a suite 253

of indicators to provide reliable information about sustainability. 254

In other words, the socioeconomic effects of a bioenergy system 255

cannot be consistently and reliably measured in settings where 256

corruption, anarchy or personal insecurity is prevalent, in failing 257

states or periods of civil strife and crisis. Deployment of more sus- 258

tainable production processes builds from a minimum institutional 259

capacity for governance, health, safety, legal recourse, and protec- 260

tions of human rights. We  assume these as pre-conditions for the 261

selection of our proposed indicators. Exceptional circumstances 262

typically require exceptional measures, and different indicators 263

may  be prioritized in those situations. But it is not practical or effi- 264

cient to attempt to foresee or account for all potential extraordinary 265

or illicit activities when devising indicators. 266

2.3. The challenge of attribution when selecting sustainability 267

indicators 268

Obtaining sufficient evidence to show quantifiable relationships 269

among causes and effects is a key challenge affecting the selec- 270

tion of indicators that meet our criteria. Determining influences 271

on socioeconomic indicators is particularly vexing because social 272

conditions vary greatly and depend on many different factors. 273

Attributing social effects to particular causes is always difficult, and 274

attributing particular effects to bioenergy or another cause is likely 275

to be impossible in situations where minimum capacities to estab- 276

lish, promulgate, and enforce contracts, laws and regulations are 277

lacking, when there is no recourse or due process available, or when 278

human rights are abused. 279

This challenge leads to the need to define indicators so that 280

the relative contribution of bioenergy is measurable. Some effects 281

may  differ not only in magnitude but in direction depending on 282

how measurements are made (e.g., how stakeholders are grouped 283

and assessed influences the distribution of effects and whether 284

they are beneficial, neutral, or detrimental). Some of our pro- 285

posed indicators can be directly measured and attributable to a 286

biofuel supply chain (e.g., employment, profitability, public repor- 287

ting), while others may  require considerable research to discern 288

and allocate relative causes. 289

3. Categories of indicators 290

Both socioeconomic and environmental aspects of sustainability 291

are critical for bioenergy systems. McBride et al. (2011) identified 292

major environmental categories of sustainability to be soil qual- 293

ity, water quality and quantity, greenhouse gases, biodiversity, air 294

quality, and productivity and discussed 19 indicators that fit into 295

those categories. These environmental attributes, combined with 296

the socioeconomic indicators proposed in this paper, represent a 297

suite designed to reflect major sustainability considerations for 298

bioenergy. Fig. 1 shows socioeconomic indicator categories that are 299

influenced by different parts of the supply chain for biofuels. These 300

categories and their component indicators are discussed below. 301

3.1. Indicators of social well-being 302

Well-being refers to the condition of the people and social 303

systems with regard to prosperity, safety, and health. This effort 304

focuses on four indicators of social well-being: employment, house- 305

hold income, days lost to injury, and food security. Other services 306

and health issues that affect social well-being are covered by envi- 307

ronmental indicators (e.g., potential for disease can be related to 308

measures of air quality while the provision of food and other ser- 309

vices is related to indicators of productivity, soil quality, and water). 310
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Fig. 1. Depiction of where categories of sustainability indicators experience major effects within the biofuel supply chain.

3.1.1. Employment311

Employment has been considered in all known and proposed312

sustainability standards that incorporate socioeconomic issues.313

Policy makers have highlighted employment as a prime motivator314

of national policies supporting bioenergy research, development,315

and use. Perhaps most importantly, employment statistics are often316

tracked and available. However, the quality of employment can317

vary widely and be considered at several temporal and spatial scales318

and in relation to specific steps in the supply chain. Therefore it is319

important to clarify terminology, units, and operational definitions320

when measuring employment in order to avoid ambiguity (Domac321

et al., 2005).322

For local economies, the driving force behind the push for biofu-323

els is often job creation and economic growth, while other potential324

benefits such as environmental protection and energy security may325

be considered bonuses (Domac et al., 2005). For example, US leg-326

islation for biofuels, as well as subsequent reports from the US327

Departments of Energy and Agriculture and renewable fuel lobby-328

ing organizations, highlights employment and domestic economic329

growth benefits (US GOV, 2007; Urbanchuk, 2011; Wallander et al.,330

2011; Gallagher, 2010; RFA, 2012). Similar analyses and reports331

in the European Union (EU) underscore the employment and eco-332

nomic growth benefits of biofuel policies (Kretschmer et al., 2009;333

Neuwahl et al., 2008).334

Rural areas are expected to benefit from the establishment of335

biofuels industries through job creation related to biomass con-336

version facilities established near production sites (Berndes and337

Hansson, 2007) and the extensive supply chains involved in feed-338

stock production. However, as with any industry, employment339

projections are contingent on assumptions about the configuration340

of the industry (e.g., feedstock choices and distribution and num-341

ber of conversion facilities) and vary based on profitability of the342

production site and management choices across the supply chain343

(e.g., manual or mechanical harvesting). If profitability is low, opti-344

mistic job projections may  not be achieved [as occurred for Jatropha345

plantations in Tanzania (Habib-Mintz, 2010)].346

New bioenergy systems have impacts on the job market and 347

local economy extending well beyond direct employment. Indirect 348

employment refers to jobs that result from upstream and down- 349

stream suppliers of material and technology (Wei  et al., 2010), 350

and induced employment is secondary employment attributable 351

to higher purchasing power (Domac et al., 2005). Employment 352

impact analysis typically considers direct, indirect, and induced 353

employment. For example, Urbanchuk (2011) estimated that in 354

2011 the US ethanol industry directly supported 90,200 jobs while 355

an additional 311,400 indirect jobs were identified. Although indi- 356

rect and induced employment can be difficult to estimate (e.g., 357

Smeets and Faaij, 2010), including this information enhances the 358

utility of employment measures for policy makers. Quantifying 359

total effects on employment is especially difficult in some develop- 360

ing nations that lack reliable statistics, but sustainability analysis 361

implies a need to account for intricate linkages among the vari- 362

ous dimensions of a system. To quantify the relationship between 363

direct, indirect, and induced employment, one could conduct an 364

analysis similar to that of Thornley et al. (2008),  which follows the 365

methodology supplied by DTI (2004) and HM Treasury (2003).  366

One indicator, full time equivalent (FTE) employment generated 367

(including both direct and indirect), is recommended to capture the 368

number of jobs provided by the industry (Table 1). The selection of 369

this indicator was motivated, in part, by the importance of measur- 370

ing employment in both local and national economies and by the 371

availability of data and methods for measuring direct and indirect 372

employment (e.g., HM Treasury, 2003; Thornley et al., 2008). 373

There are many ways that employment could be interpreted 374

with respect to other variables (e.g., FTE positions/unit of energy, 375

total employment in person-years/ha of land devoted). When suffi- 376

cient data on pre- and post-industry employment are available for 377

the appropriate scale, comparing total employment in the energy 378

sector before and after bioenergy systems development can be used 379

to estimate the industry’s net effect on overall employment. Bioen- 380

ergy FTEs can also be compared to other available employment data 381

or to state or regional statistics as a means to capture socioeconomic 382
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effects of biofuel systems related to the employment of local labor.383

Studies using employment indicators with dissimilar units can be384

compared utilizing the methods explained by Wei  et al. (2010).  The385

spatial and temporal extent of the analysis influences the degree386

to which FTE incorporates indirect and induced employment as387

well as issues such as reallocation of employment among sectors388

or regions (e.g. shifting employment from one area or sector to389

another versus creating net additions to the workforce).390

3.1.2. Household income391

Household income of those employed in the bioenergy industry392

is a useful indicator of well-being and is measured as finan-393

cial compensation received by workers for their labor. As with394

other indicators, the income should be attributable to biofu-395

els and distinct from other non-bioenergy-related income. While396

wage rates are influenced by market forces, tradition, social struc-397

ture, seniority, and other factors, they can be a useful way to398

compare welfare received from the bioenergy industry to wel-399

fare received from other industries. For example, Sydorovych and400

Wossink (2008) consider income stability and predictability to be401

important aspects of agricultural sustainability. Also, Smeets et al.402

(2008) found that wages were higher for sugarcane harvesting and403

ethanol refining than for comparable employment in other sec-404

tors.405

Careful thought will be required to define what sources of406

household income are attributable to the bioenergy industry or407

project being analyzed. Methods consistent with those applied to408

the employment indicator should be used to identify activities that409

are clearly linked via the supply chain, such as biomass storage410

and management, trucking and transportation, and other agri-411

cultural or forestry-based employment associated with biomass412

production, harvesting and logistics. At a minimum, data should413

be collected to estimate the average income of employees in414

the industry. Our proposed indicator is dollars per day of house-415

hold income (Table 1). However, collecting data to generate the416

distribution of income would allow better comparison to other417

industries and among alternative bioenergy production path-418

ways.419

3.1.3. Work days lost due to injury420

Work days lost to injury associated with the bioenergy industry421

are indicative of social welfare and, particularly, health and safety422

issues. This indicator is often reported as average days lost per423

worker per year in a defined sector or industry (Table 1). In a calcu-424

lation of average days lost per worker per year, one would consider425

the employment directly and indirectly generated by bioenergy426

industries as identified and described in Section 3.1.1 above.427

3.1.4. Food security428

The use of cropland to grow biofuel feedstocks has gener-429

ated concern that the energy benefits of biofuels may  come at430

the expense of food security. The majority of current ethanol and431

biodiesel production uses industrial feed grain, sugar, and oil crops432

as feedstock, including maize in the US, sugarcane in Brazil, oil seeds433

in Europe, and palm oil in Asia. Food security became a concern in434

2007 and 2008 when global food prices rose rapidly. Initially, those435

price increases were largely attributed to biofuel production (Runge436

and Senauer, 2008; Mitchell, 2008; Rosegrant, 2008); however,437

subsequent analyses suggested that the impacts of biofuels on food438

prices were overstated (Zhang et al., 2010; Ajanovic, 2010; Baffes439

and Haniotis, 2010; Kim and Dale, 2011; Gallagher, 2010; Babcock,440

2011). Several recent studies examined crop production and price441

data and reached some common conclusions: (1) biofuel produc-442

tion is responsible for a much smaller effect on food prices than443

initially expected; and (2) biofuel production has a smaller effect444

on crop exports from the US than previously estimated (Trostle445

et al., 2011; Oladosu et al., 2011). Furthermore, the analyses high- 446

light that food price increases have lagged behind other traded 447

commodity prices, all of which track the global price of oil. The 448

divergent analyses of the effects of biofuels on global commodity 449

prices and exports reflect the complexity of factors linking food 450

and energy prices (Baffes and Haniotis, 2010; IMF, 2011). Indeed, 451

recent studies suggest that food price trends follow oil prices, and 452

short-term volatility is linked to weather and local import/export 453

polices. Thus, biofuels could contribute to reducing food prices and 454

price volatility to the degree that biofuel production mitigates oil 455

price increases and provides a cushion in global supplies at times 456

of inevitable shocks from weather and politics. Nevertheless, this 457

issue will persist as long as there are hungry people in the world 458

and land is used to produce biofuel. 459

Concerns in identifying indicators of food security are that (1) 460

there is no clear measure for “food security,” (2) no practical indi- 461

cator for the effects of bioenergy on food prices is available and 462

(3) most analyses, including those referenced above, focus on food 463

price changes rather than food security. The United Nations (UN) 464

states, “Food security exists when all people, at all times, have 465

physical and economic access to sufficient amounts of safe and 466

nutritious food that meets their dietary needs and food preferences 467

for an active and healthy life” (FAO, 2006). While this definition is 468

complete, it is difficult to translate into measurable indicators. The 469

National Research Council recently released a report that empha- 470

sized a lack of consistent definitions and relevant data needed to 471

assess food security at appropriate scales for sustainability analysis 472

(NRC, 2012). 473

In the absence of practical measures and indicators for food 474

security, the United Nations focuses on collecting and assessing 475

data reflecting food insecurity (e.g., thresholds for undernourish- 476

ment or severe hunger). These data are published in annual State 477

of Food Insecurity reports (FAO, 2009; FAO, 2010), which note sev- 478

eral issues: (1) recent changes in the number of undernourished 479

people at global and national levels may  merely reflect adjust- 480

ments in definitions and new data; (2) food insecurity is strongly 481

associated with poor governance; (3) food insecurity has been asso- 482

ciated with persistent low-priced food commodities and food aid 483

that undermine incentives for local production; and, perhaps most 484

importantly, (4) food insecurity is largely caused by food price 485

volatility. Thus, an effective indicator for food security is more com- 486

plex than simply tracking changes in food prices and land use that 487

may  be attributable to bioenergy. 488

Based on the state of scientific data and analysis discussed here, 489

we propose that the percent change in price volatility of food crops 490

attributable to biofuels be developed as an indicator of food secu- 491

rity (Table 1). While the percent change in price and the relative 492

proportion attributable to biofuels are difficult to estimate, this 493

information is required to assess effects on price volatility. Price 494

volatility is a better indicator of food security than change in food 495

price because sudden price swings harm both producers and con- 496

sumers (Kline et al., 2009). Sudden price falls can put producers out 497

of business while sudden increases affect consumers; the cycle of 498

large and sudden changes increases risk and undermines invest- 499

ments in agriculture that could improve food security (FAO, 2010). 500

If a policy or project generates confidence around more stable 501

prices, then that stability can support local production opportu- 502

nities even if prices are higher. 503

Our proposed food security indicator requires further work to 504

implement because there is no agreed upon way  to measure how 505

food price volatility can be attributed to biofuels. Development of 506

this indicator requires an approach that controls for major influ- 507

ences on changing food prices and distinguishes effects due to 508

bioenergy projects or policies. FAO (2011b) provides a starting 509

point with its indicator for changes in real prices of staple crops 510

attributable to bioenergy. FAO (2011b) proposed indicators aimed 511
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at (1) measuring the domestic availability of staple foods and (2)512

determining whether use of staple foods for biofuels is met  by513

additional production or replacement of existing production. Their514

estimation requires detailed data on the availability of staple foods515

and effects of biofuel production on land and food supplies. Still, the516

FAO measures may  not reflect changes in food security, for other517

factors not considered in the analysis determine effective access518

to nutritional resources. However, the scope, methods, and poten-519

tial data sources supporting the FAO indicators could be adapted520

for calculating the indicator proposed here. Many of the data sets521

needed for assessment of food security relate to commodity pro-522

duction, use and stocks and exist at national scales (e.g., from FAO523

or USDA), but local scale data and attributional evidence are often524

difficult and costly to obtain.525

The food security indicator of food price volatility builds from526

information on per capita food and feed uses of crops and evalu-527

ates the change in food consumption and price after accounting for528

population growth. It thus can provide an overall measure of price529

stability as related to basic commodity consumption in a region.530

The ratio of non-biofuel uses to total supply of crops provides a531

measure of the competition for crop supplies between biofuels and532

non-biofuels. For example, the change in this ratio would indicate533

whether a decline in per capita food and feed uses might have534

occurred because of biofuels, reductions in total supplies or changes535

in imports or preferences. Our proposed food security indicator dif-536

fers from measures proposed by FAO and others in that we  separate537

crop uses for food and feed from uses for fuels, measure crop uses in538

per capita terms, assess attribution, and then consider how biofuel539

production affects price volatility.540

Other indicators that have been proposed for evaluating the541

food security effects of biofuels include the proportion of arable542

land devoted to biofuel production in a given region [as called for543

by GBEP (2011)]. This indicator is meant to represent the compe-544

tition for land between food and biofuels. However at the global545

level, Gasparatos et al. (2011) estimated that biofuels account for546

less than 2% of the total harvested land area. It is also not clear547

what a change in the proportion of arable land represents in terms548

of food security, because if biofuels generate more income than549

other land uses, food security could increase with higher propor-550

tions of land dedicated to bioenergy. Hence, this indicator has to551

be considered in the context of land suitability for various pur-552

poses and market opportunities. And in countries or regions that553

have limited capacity to grow food efficiently but extensive abil-554

ity to produce bioenergy feedstocks, increasing the portion of land555

in bioenergy feedstock may  improve food security. Another pro-556

posed indicator of food security is the per-capita food and feed uses557

of crops (or alternatively the ratio of non-biofuel uses of crops to558

total supply). All of these indicators should be able to provide rep-559

resentative, unambiguous and unbiased measurements of change560

in sustainability. Yet per-capita consumption and crop-use ratios561

may  not reflect food security if issues broader than access to food562

are considered (NRC, 2012; FAO, 2010). For example, increasing563

per-capita consumption is associated with problems such as obe-564

sity, diabetes, and other health problems associated with eating too565

much of the wrong foods (WHO, 2011).566

The inherent complexity of establishing and measuring an567

indicator of food security implies that significant time, cost and568

analytical effort will be needed to reach agreement on its defini-569

tion, methodology, and application. In the meantime, we propose570

that the previous indicators for employment and household income571

serve as practical proxy measures for food security. While imper-572

fect, these indicators help address concerns about bioenergy effects573

on food security. Given the fact that increasing coping mechanisms574

(including employment opportunities) and increasing wealth are575

known to mitigate food insecurity (FAO, 2010), employment and576

household income indicators are relevant.

3.2. Indicators of energy (and supply) security 577

Energy security is closely related to economic security and has 578

important military, foreign policy, and national security dimen- 579

sions. Apart from the need for a reliable supply of military fuels, 580

it can be argued that the military and foreign policy dimensions 581

of energy arise almost entirely from economic interests related to 582

energy security (Greene and Leiby, 2007; Stern, 2010). This rela- 583

tionship suggests that a focus on economic measures of energy 584

security is appropriate. The economic costs depend upon the econ- 585

omy’s exposure to energy shocks and its long-term dependence 586

on energy imports, particularly from non-competitively supplied 587

energy sources. Thus for biofuels to enhance energy security, they 588

must lead to reduced imports of non-competitively supplied fuels 589

and a shift in consumption toward more stably supplied fuels. 590

For biofuels, energy security also requires reliability and security 591

of resources and activities that support the biofuel supply chain, 592

including water, nutrients, and production operations, in spite of 593

highly variable commodity and product prices. 594

Three key factors promote biofuel energy and economic secu- 595

rity: stability of energy feedstock supply, stability of product and 596

co-product supply and demand, and flexibility of the feedstock and 597

fuel system. Each of these influences is discussed briefly. 598

The stability of primary feedstock supply for biofuel depends on 599

the volatility of biofuel feedstock production and the diversity of 600

bio-feedstock supply sources for the biofuel system. Historical data 601

on crop yield and price volatility indicate that supply stability (FAO, 602

2008) could be an issue for biofuel feedstocks. Yield fluctuations in 603

response to some stressors (such as cyclic drought or pests) can be 604

accommodated in the supply chain, especially if there is substantial 605

diversity in that supply chain and the opportunity to adjust oper- 606

ations. Biofuel feedstock systems may  be less resilient when faced 607

with fluctuations due to unexpected disturbances such as hurri- 608

canes, floods, or disease. Feedstock supply stability is affected by 609

the availability, choice, and engineering of crop varieties to achieve 610

specific goals (e.g., drought and pest resistance) as well as manage- 611

ment practices. There may  be additional uncertainty regarding the 612

stability of feedstock supply from new sources such as algae that 613

may  be susceptible to pond crashes and grazing pressure as well 614

as sudden fluctuations in temperature or water chemistry that is 615

out of operators’ control. Feedstock supply stability, from the per- 616

spective of the biorefinery owner, can be increased by planned and 617

regionally integrated logistics (advanced preprocessing such as pel- 618

letizing) and infrastructure (access to railroad) such that they can 619

draw feedstock over large areas. 620

The stability of product supply and demand (and prices) 621

depends on management of product inventories, availability of 622

a stable market for biofuel co-products, long-term policies and 623

subsidies, reliable production/conversion processes, transportation 624

logistics, and the stability and level of oil prices. The relationship 625

between agricultural commodity price volatility and inventory lev- 626

els is widely reported (e.g., Munier, 2010). Feedstock and product 627

inventory management may  be as important to biofuel cost sta- 628

bility as it has been for petroleum fuels. Diversifying markets and 629

production lines (e.g., for food, fuel, fiber, fodder, chemicals) for a 630

given feedstock supports larger and more widespread production 631

that may  help absorb temporary or localized shocks to supply and 632

demand. Access to a reliable market for biorefinery co-products is 633

important for producers to weather shocks in feedstock or product 634

prices. 635

Flexibility of the biofuel feedstock and fuel system enhances 636

energy and economic security by allowing substitutions during 637

short-run supply or demand fluctuations. Supply flexibility fol- 638

lows when feedstock producers and logistical systems can respond 639

to multiple markets through, for example, greater feedstock uni- 640

formity and enhanced transportation systems. System flexibility 641
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also is increased by biorefinery technologies that can use multiple642

feedstocks and produce a range of products, in varying propor-643

tions. Petroleum product pipelines have the potential to expand644

the range of long-distance transport methods for drop-in, biolog-645

ically produced fuels. Demand flexibility depends on the types of646

fuels produced, with a distinct advantage anticipated from drop-647

in-replacement fuels compared to fuels that are incompatible, or648

blend-limited, with fossil fuels and their infrastructure. The flexi-649

bility of end-use biofuel demand increases with the availability of650

biofuel refueling infrastructure and the extent to which the vehi-651

cle stock includes vehicles with capability for fuel switching or fuel652

flexibility. With respect to fuel flexibility, jet aircraft can use bio-653

based fuels in their fuel mix, but current refining processes do not654

produce fuels with the required aromatic compounds or density655

specification, and so fossil fuels need to be blended with the biofuels656

(Agusdinata et al., 2011).657

3.2.1. Energy security premium658

The energy security premium offers an effective computed indi-659

cator of biofuel energy security (Table 1). The energy security660

literature has developed an economic measure that combines the661

costs of supply disruptions and price shocks with the costs of662

reliance on high-cost, non-competitive oil supply. This “oil secu-663

rity premium” (Plummer, 1981; Bohi and Montgomery, 1982; Leiby664

et al., 1997; Leiby, 2008) estimates the difference between the665

marginal economic cost to society and the market price paid for666

petroleum. This approach has been extended to estimate the energy667

security benefits of substituting biofuels for petroleum in vehicle668

fuels, measured in $/gallon biofuel (Leiby, 2008; USEPA, 2010). This669

measure needs additional effort to develop consensus around a670

standard measure capable of capturing the range of energy security671

factors described above.672

3.2.2. Fuel supply stability673

The second indicator recommended is fuel price volatility674

(Table 1), which can be calculated as an expression of the volatility675

in the biofuel and feedstock prices under analysis. An advantage of676

using this indicator is that prices are directly observable, rather677

than requiring assumption-based calculations. Furthermore, the678

volatility of commodity prices reflects and integrates many fac-679

tors including fluctuations in biomass supply, biofuel demand, oil680

price, and overall fuel demand. To the extent that system flexibil-681

ity, redundancy and resilience are developed, those attributes are682

reflected in diminished price volatility. Finally, price volatility is a683

primary driver of the costs measured by the security premium and,684

therefore, is an informative “leading” indicator in that it can be used685

to predict changes in the economic welfare.686

3.3. Indicators of external trade687

Trade is the movement of goods and services across borders.688

External trade is defined by the system boundaries of the sus-689

tainability assessment context and often refers to movement across690

national borders. Exports represent the portion of production that691

is sold outside a defined boundary, while imports represent the692

portion of internal consumption that is purchased from the exte-693

rior. Countries are considered to be open or closed based on the694

level of international trade relative to the GNP. International trade695

promotes the overall efficiency of the global economy by enabling696

one country to exchange its production of goods and services for697

those that may  be less cost-effectively produced domestically. Thus,698

international trade can have a strong influence on prices and the699

level of income, and hence on national economic health. Energy700

resources are currently a substantial fraction of global trade. In701

an international survey (largely of bioenergy industry stakeholders702

from Europe), import tariffs and sustainability certification systems703

were perceived by some experts as barriers to trade for ethanol and 704

biodiesel, whereas logistical issues (lack of pretreatment methods 705

to compact biomass at low cost) were thought to impede trade of 706

wood pellets (Junginger et al., 2011). In the same survey, high oil 707

prices and strict greenhouse gas emissions reduction policies were 708

perceived to promote international bioenergy trade. Two indicators 709

of international trade related to the socioeconomic sustainability of 710

biofuels are recommended (Table 1). The two indicators discussed 711

below measure different but related effects. Terms of trade (TOT) 712

is a price advantage indicator; whereas the trade volume is a quan- 713

tity indicator. We  propose trade volume as a core indictor that is 714

complemented by TOT. 715

These two  indicators can be estimated at national levels from 716

trade and external accounts data collected by agencies such as the 717

United States Department of Commerce and international agencies 718

such as the International Monetary Fund (IMF, 2011) and World 719

Bank (2011).  While these indicators are primarily relevant at the 720

national or international scale and most of the available data are 721

at those scales, sub-national data are often collected, and special 722

studies have looked at the balance of trade in energy supplies at 723

local (e.g. municipal) scales. 724

3.3.1. Terms of trade 725

Terms of trade (TOT) is defined as the ratio of the price (or price 726

index) of exports to that of imports. TOT is a measure of the domes- 727

tic gains from international trade. A higher TOT means the country 728

can purchase more imports per unit of its exports. Thus, large 729

changes in TOT can have significant socioeconomic implications 730

through changes in the costs of goods and services and external 731

earnings/expenditures. The net effects of bioenergy-related trade 732

and substitution for fossil-based fuel imports could generate sub- 733

stantial impacts on the TOT for specific states or regions, as well as 734

for the United States and other nations such as Brazil. The United 735

States is both a big importer of crude oil (buying more than 20% 736

of global crude exports) and a big exporter of maize (at about 737

60% of global maize exports). This large role can influence global 738

prices in these markets (IEA, 2010). A number of recent studies 739

have highlighted the potential implications of biofuel policy on TOT 740

(e.g., Moschini et al., 2010). The displacement of imported fuels by 741

domestically produced biofuels could have advantageous effects on 742

TOT to the degree that the savings on imports exceed any offsetting 743

reductions in the value of exports. 744

3.3.2. Trade volume 745

The second recommended indicator of external trade estimates 746

the contribution of bioenergy to trade volume, measured as the 747

amount of money expended for net exports or balance of payments 748

(Table 1). Net exports measure the surplus/deficit in goods and ser- 749

vices trade. The balance of payments captures the surplus/deficit in 750

both the flow of current income and payments (current account), 751

including net exports, and that of investments (capital account) 752

across borders. Long-run surpluses or deficits in net exports and 753

balance of payments are major impediments to the health of an 754

economy (state, nation, or globe), since they represent large trans- 755

fers of income from one area or nation to another. Depending on the 756

sources of feedstocks, technology, investments, and final products, 757

a nation’s bioenergy policies may  lead to substantial changes in its 758

net exports and balance of payments. For example, Adeyemo et al. 759

(2011) examine the balance of payments effects of biodiesel canola 760

production in the Eastern Cape Province of South Africa using a 761

partial equilibrium model. 762

3.4. Indicators of profitability (i.e., financial viability) 763

Economic viability represents one of the three pillars of sus- 764

tainability, along with environmental and social requirements. 765
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Profitability is perhaps the most basic indicator of economic sus-766

tainability and appears in many sustainability frameworks (e.g.,767

Sydorovych and Wossink, 2008). Profitability is pertinent to sus-768

tainability of the entire supply chain as well as to particular769

components (Fig. 1). It is a function of product price and costs of pro-770

duction, both of which are influenced by various policy and market771

conditions, which are subject to change. The sustainability of bioen-772

ergy plants is influenced by the relative profitability of alternative773

markets for biofuels feedstocks [e.g., maize for feed (Tepe et al.,774

2011) and wood for timber (Conrad et al., 2010)], as well as co-775

products. Profitability of biofuels production has been shown to be776

sensitive to the price of petroleum (Mallory et al., 2011) and associ-777

ated with the failure of some biorefineries in challenging economic778

times (Gillon, 2010).779

While economists and analysts use many different measures to780

assess financial viability and profitability, we recommend return781

on investment (ROI) and net present value (NPV) as meeting the782

criteria for sustainability indicators, because of their practicality783

and ease of use. Both ROI and NPV are prominent indicators of784

profitability that are well established in conventional economic785

theory. As discussed below, these conventional indicators of profit-786

ability can also be adapted to better evaluate long-term economic787

sustainability. Related economic indicators that could be applied788

include internal rate of return, payback period, and benefit/cost789

ratio. Vlysidis et al. (2011) illustrate the use of most of these indi-790

cators in a study of the profitability of biodiesel plants producing a791

co-product, succinic acid.792

If these and other conventional economic formulas are to be793

extended as indicators of economic sustainability from a societal794

perspective, they need to be expanded to include values of non-795

market externalities. Those externalities are unintended positive or796

negative consequences of a practice that is not considered within797

the boundaries of the economic system. In the incorporation of798

externalities, it may  be necessary to apply unique discount rates799

and to extend the planning horizon to account for long-term costs800

and benefits (e.g., those associated with climate forcing or climate801

change adaptation).802

Subsidies, co-products, and certification schemes can be803

important factors contributing to profitability. The reliance on gov-804

ernment economic subsidies or payments is an important aspect805

of agricultural sustainability (Sydorovych and Wossink, 2008).806

Subsidies can help start an industry such as algal biofuels, but807

profitability measures may  change when these public investments808

are withdrawn. Production of co-products can contribute to pro-809

fitability. For example, small-capacity biodiesel plants may  not be810

profitable unless co-products are produced (Vlysidis et al., 2011).811

The premise behind voluntary certification schemes is that partic-812

ipating companies have a competitive edge because of improved813

marketability of their products. As participation grows in certifi-814

cation activities, producers of voluntarily certified products within815

the bioenergy market might achieve a price premium above non-816

certified producers, such as occurs for other green-labeled products817

like “fair trade” goods (e.g., Weber, 2011). However, to remain818

economically competitive, the price premium would need to fully819

offset any additional costs associated with achieving certification.820

3.4.1. Return on investment821

ROI is the ratio of money gained (or lost) on an investment rel-822

ative to the amount of money invested, and is often expressed as a823

percentage. In simplest terms, it is calculated as:824

ROI = Vf − Vi

Vi
825

where ROI is return on investment; Vf is the final value of the826

investment; Vi is the initial investment.827

To account for the time value of money, Vf and Vi should be 828

expressed as a sum of discounted present values. In discounting, 829

lower interest rates emphasize long-term economic viability over 830

short-term profit. Thus, the implications of ROI as a sustainability 831

indicator are subject to the planning horizon and discount rate used 832

in its calculation. Adapting ROI through the application of longer 833

time horizons and lower discount rates can better reflect long-term 834

economic sustainability. When ROI is greater than zero, the system 835

is profitable. A biofuel system is competitive if its ROI  is greater 836

than that of alternative projects. 837

3.4.2. Net present value 838

NPV is the sum of discounted benefits minus the sum of dis- 839

counted costs of a project, expressed in monetary terms: 840

NPV =
T∑

t=0

Rt

(1 + i)t
841

where NPV is net present value; R is the net cash flow at time t; 842

t is the time of the cash flow; i is the real interest (or discount) rate. 843

If the NPV is less than zero, the project is not profitable, while an 844

NPV exceeding zero is profitable, with higher profitability indicated 845

as NPV increases. Like ROI, NPV is sensitive to the discount rate used 846

in calculating discounted present values, with long-term cash flows 847

and economic sustainability more heavily weighted with lower dis- 848

count rates. While there is no single, universally accepted discount 849

rate, it should be noted that lower discount rates favor systems with 850

distant future benefits, e.g., environmental, social, and/or economic 851

sustainability. 852

3.5. Indicators of resource conservation 853

Goals for sustainable management of natural resources are illus- 854

trated by the South African Ministry of Water Affairs and Forestry 855

in their simple slogan, “Some for all forever” (Funke et al., 2007). 856

Indicators for resource conservation ideally reflect progress toward 857

achieving “enough for all forever.” This interpretation implies an 858

equitable distribution of resources among all people on earth today 859

and in the future – a challenging concept to define and measure. 860

Indicators for resource conservation are recommended in cases 861

where the energy supply chain affects a resource that is vital for sus- 862

tainability, resource stocks are being depleted, and this depletion 863

is not otherwise captured in the suite of sustainability indicators. 864

Moreover, indicators of resource conservation draw attention to 865

the renewability of bioenergy, a key element of sustainability that 866

is not captured in other indicators. Two  basic indicators for resource 867

conservation are identified in Table 1: depletion of non-renewable 868

energy resources and fossil energy return on investment (EROI). 869

Several possible indicators of resource conservation were con- 870

sidered but not selected for assessing bioenergy sustainability. We  871

do not include measures thought to be redundant with EROI such 872

as net energy value (Persson et al., 2009), net energy yield ratios, or 873

absolute energy ratios. We  note that “emergy,” the total amount of 874

energy of one form required directly and indirectly to make another 875

form of energy (e.g., see Felix and Tilley, 2009), is similar in defi- 876

nition to the proposed protocol for measuring EROI, described by 877

Murphy et al. (2011).  While other changes in the quantity of agri- 878

cultural land, water and forests are important, the corresponding 879

effects attributable to fuel production processes should be reflected 880

in the suite of environmental sustainability indicators [e.g., soil 881

quality, water quality and quantity, greenhouse gases, biodiversity, 882

air quality, and productivity (McBride et al., 2011)]. 883

3.5.1. Depletion of non-renewable energy resources 884

A resource conservation indicator specifically proposed for bio- 885

fuels is the amount of crude oil stock extracted each year. Unlike 886
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water and soil, non-renewable energy minerals are not typically887

considered among environmental indicators for bioenergy. Yet they888

represent valuable natural capital for a region, state or nation, the889

global community, and future generations. Some minerals can be890

conserved through efficient use and, with additional energy inputs,891

recycled to serve similar functions as the source mineral. But fos-892

sil fuels that are oxidized with use cannot be recycled. At current893

rates, over four billion tons of oil consumed annually (IEA, 2010)894

will never be available for future use. There is growing recogni-895

tion that industrial societies have rapidly depleted a majority of896

the most accessible petroleum reserves (Aleklett et al., 2010; IEA,897

2010), along with their option value for future use. Given that bio-898

fuels provide a liquid fuel alternative to petroleum products, the899

conservation of crude oil stocks is of special interest.900

The proposed indicator, metric tons of petroleum extracted per901

year, is relatively easy to track at multiple scales, provides a sim-902

ple measure of future options lost, and uniquely complements903

other sustainability indicators to reflect the interests of future gen-904

erations. Data on petroleum removals are available [e.g., via the905

International Energy Agency (IEA), Energy Information Agency, and906

US Geological Survey]. The removal of petroleum stocks can be907

measured using standard units, definitions, and data sets. For exam-908

ple, the IEA releases annual reports on metric tons of crude oil,909

natural-gas-liquids, and refinery feedstocks extracted, by country.910

Petroleum fuels can also be monitored in terms of metric tons per911

unit of equivalent liquid fuel (MJ) supplied, and this information912

may  be applicable for comparisons of pathways (as reflected in the913

indicator below). For smaller scale analyses and comparisons, the914

total use of petroleum associated with different energy production915

pathways is of strategic value.916

We  considered but rejected the use of value and price as indi-917

cators for natural resource scarcity and conservation. While a918

monetary value provides an important perspective on resource919

consumption, we focus on actual volumes of resources that are920

no longer available for future use (consumed or exported from a921

defined geographic area or system boundary under analysis). This922

approach allows analysts to assign a monetary (or other) value to923

the resource that is appropriate to a given study and time frame.924

Also, prices are calculated differently across stocks and flows in925

the supply chain and may  be impacted by varying resource qual-926

ity, location, policies and other market fluctuations. Moreover,927

value and price depend on factors such as the potential for repur-928

posing to provide services that are not envisioned today and the929

potential substitutability (Bond and Farzin, 2008). Substitutability930

is important because, as prices rise to reflect scarce resources,931

“unconventional” resource extraction (for example, hydraulic frac-932

turing and tar sands) becomes economically attractive and leads to933

potentially higher marginal social and economic costs.934

3.5.2. Fossil energy return on investment (fossil EROI)935

The second indicator for resource conservation, fossil EROI,936

refers to net energy produced. Heinberg (2009) defined EROI937

as “the ratio of the amount of usable energy acquired from a938

particular energy resource to the amount of energy expended to939

obtain that energy resource.” This measure has been applied to940

compare energy options for over twenty years and there is a grow-941

ing community of scientists working to standardize terminology942

and approaches (e.g., Cleveland et al., 1984; Murphy et al., 2011;943

Mulder and Hagens, 2008; Hall et al., 2009, 2011). EROI builds on944

disciplines and data sets associated with Life-cycle Assessment945

(LCA) (e.g., ISO 14000). Typically, EROI considers all direct energy946

consumed to provide a useful unit of energy, as well as energy947

associated with significant material inputs. Henshaw et al. (2011)948

suggest that EROI should account for energy associated with any949

significant monetary expenditures required to produce energy.950

For the purposes of a biofuel indicator, we recommend using the951

protocol and definitions provided by Murphy et al. (2011) for the 952

fossil fuel EROI, or “fossil energy ratio.” 953

3.6. Indicators of social acceptability 954

Social acceptability of bioenergy technologies and management 955

systems reflects many values that are not considered in environ- 956

mental and economic analyses. These include aesthetic values, 957

recreational values, cultural values, and public perceptions that 958

may  be as important in determining sustainability as are economic 959

and environmental factors. A production system is not sustainable 960

if the local community does not accept it (Cornforth, 1999). Social 961

acceptability has influenced the prevalence and locations of nuclear 962

power (Visschers et al., 2011), hydropower (Gandhi, 2003), oil 963

drilling (Martin, 2011), and wind energy facilities (Devine-Wright, 964

2005). Social acceptability issues are pertinent to the entire supply 965

chain but emphasized for the feedstock production stage (Fig. 1). 966

In addition, perceptions concerning risk from genetically modi- 967

fied energy crops or algal biofuels may  influence the viability of 968

these technologies for bioenergy. Social acceptability is a dynamic 969

concept that can change with technical solutions, social and eco- 970

nomic interests, increasing knowledge and awareness, biological 971

conditions, and scale of adoption (Shindler and Brunson, 2004). 972

Evolving social perceptions of bioenergy have influenced poli- 973

cies and regulations and will continue to be a factor in determining 974

the sustainability of bioenergy systems because of the high visi- 975

bility and importance given to issues such as land-use change and 976

potential secondary effects on food security, biodiversity, climate 977

forcing, human health, and aesthetics. Concerns about social con- 978

flict have led state officials in Indonesia to approve concessions for 979

palm oil plantations preferentially in forests and peat wetlands, as 980

these largely uninhabited areas avoid social conflicts that arise in 981

other areas (Wicke et al., 2011). This process leads to direct, detri- 982

mental effects on sensitive landscapes despite ample availability of 983

previously cleared and underutilized land (Koh and Ghazoul, 2010). 984

Many factors associated with the social acceptability of energy 985

and other technologies influence risk perceptions, such as famil- 986

iarity, control, potential for catastrophe, and uncertainty about 987

probability or intensity of risk (Slovic et al., 1982). Other impor- 988

tant factors associated with social acceptability of technologies 989

include “affective” feelings (Finucane et al., 2000) and social trust 990

(Siegrist, 2000; Visschers et al., 2011). For example, in Switzerland, 991

social acceptance of nuclear power stations is determined largely 992

by the perception of benefits for energy security and also by the per- 993

ception of climate change benefits and risk perception (Visschers 994

et al., 2011). Social acceptability of different forest harvest treat- 995

ments was  found to be associated with aesthetics, effects on 996

natural properties, trust in information given, community bene- 997

fits, and significance of citizen participation in the planning process 998

(Shindler and Collson, 1998). Reduction of wildfire risk and ecosys- 999

tem restoration might be added to this list in considering woody 1000

feedstocks for bioenergy. Social acceptability pertains to resource 1001

and supply-chain managers as well as to the surrounding com- 1002

munity. For example, Iowa farmers who are concerned about the 1003

potential water quality effects of removing maize stover are less 1004

likely to harvest it (Tyndall et al., 2011). 1005

The proposed indicators (Table 1) were selected to reflect social 1006

acceptability when taken together as a group, while individually 1007

meeting criteria for being practical and cost-effective to measure 1008

and providing consistent information about the measured effects. 1009

They were also selected based on their ability to adapt to different 1010

scales and segments of the biofuel supply chain. These indica- 1011

tors are inter-related. For example, many proposed standards for 1012

sustainable bioenergy production include effective engagement of 1013

stakeholders and transparent reporting, including plans, potential 1014

effects and actual performance data after production starts (e.g., 1015
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RSB, 2011; GBEP, 2011). The risk of catastrophe (Slovic et al., 1982;1016

Jianguang, 1994; Visschers et al., 2011) is a well-known factor1017

affecting social acceptance of technologies and hence, public opin-1018

ion. Perceived risk, which is based on interpretation of information1019

by stakeholders, influences many of the social acceptability issues1020

discussed in this paper and is a motivating force behind stakeholder1021

participation.1022

3.6.1. Public opinion1023

Public opinion (% favorable opinion) can be determined using a1024

standard survey instrument to gather data on public perceptions of1025

the bioenergy project under assessment. This indicator provides a1026

direct measure of social acceptability. Surveys of public opinion1027

regarding the social acceptability of a project or technology are1028

measures that integrate variables across sectors and categories.1029

These surveys are common for energy technologies (e.g., nuclear1030

energy in Visschers et al., 2011) and measure the percentage of the1031

surveyed community that rates the project as acceptable. Surveys1032

may  also include measures that categorize respondents as favor-1033

able, neutral or unfavorable. Surveys can be helpful but need to be1034

crafted and interpreted carefully. Surveys should be designed to1035

measure the public’s reaction to high probability and low impact1036

events in contrast to focusing on risk of catastrophe, a separate indi-1037

cator which is discussed below. However, it can be unclear whether1038

factors that are correlated to social acceptability are determinants1039

or consequences of social sustainability. Research is sometimes1040

needed to distinguish between these possibilities, as was  done in1041

a study of how public trust relates to the social acceptability of1042

genetically modified food (Poortinga and Pidgeon, 2005). Standard1043

protocols need to be validated and applied consistently over time1044

to track changes in public opinion.1045

3.6.2. Transparency1046

Transparency can be demonstrated through periodic public1047

reporting on social and environmental performance indicators. All1048

interested parties should be provided free access to data reflect-1049

ing sustainability indicators such as those described here and1050

in McBride et al. (2011).  The extent to which timely and accu-1051

rate information is made available, and the degree to which this1052

information addresses issues of interest to stakeholders, reflect1053

measures of transparency supporting sustainability. The proposed1054

unit of measurement, the percentage of indicators for which perfor-1055

mance is reported in a timely manner (Table 1), is context-specific.1056

This public reporting should provide relevant baseline, target and1057

performance data for all environmental, social and economic indi-1058

cators identified. The suite of indicators may  be adapted and1059

prioritized for a given project or situation based on stakeholder par-1060

ticipation (discussed below). Furthermore, annual reporting should1061

meet an established standard (e.g., such as that proposed by the1062

Global Reporting Initiative: www.globalreporting.org).1063

3.6.3. Effective stakeholder participation1064

Stakeholder participation is a key component of social accept-1065

ability. Many aspects of stakeholder identification and participation1066

are reflected in sustainability literature and proposed certification1067

schemes (Huertas et al., 2010; Chalmers and Archer, 2011). The RSB,1068

for example, enumerates nine indicators dedicated to stakeholder1069

consultation, plus many other sub-requirements to demonstrate1070

that biofuel operations are “planned, implemented, and contin-1071

uously improved through an open, transparent, and consultative1072

impact assessment and management process” (RSB, 2011). Stake-1073

holder participation can contribute to more effective and enduring1074

progress toward other environmental and socioeconomic goals1075

reflected in McBride et al. (2011) and in prior sections of this paper.1076

This process involves providing stakeholders with the necessary1077

understanding of the technologies employed and building a sense1078

of control, trust, and ownership in the project and its benefits. 1079

Stakeholder participation can be more effectively achieved when 1080

there is meaningful two-way dialogue with the industry, if con- 1081

cerns are acknowledged and addressed in a timely manner (ISO, 1082

2010), and if documentation reflecting performance of the full suite 1083

of environmental and socioeconomic sustainability indicators is 1084

complete, trustworthy, and readily accessible (see Transparency 1085

indicator above). Mechanisms that permit effective exchange of 1086

ideas and concerns among stakeholders with different viewpoints 1087

are also important. Stakeholders should be involved in early stages 1088

of a process to define concerns, needs and priorities. Ongoing stake- 1089

holder involvement is a key to achieving continual improvement in 1090

sustainability measures. 1091

Many practical approaches can be employed to provide stake- 1092

holders with relevant information and access to decision-makers. 1093

For example, social media and web-based software, regular pub- 1094

lic meetings, participation in community events and organizations, 1095

and other communication strategies appropriate for the project 1096

and specific sub-groups of stakeholders can be used. Descrip- 1097

tions, options and guidance for working with stakeholders can 1098

be obtained by reading the documentation supporting the RSB 1099

Principles and Criteria (2011) and the International Organiza- 1100

tion of Standards (ISO 26000), a voluntary Guidance Standard 1101

for corporate social responsibility. ISO 26000 and the companion 1102

handbook published by ECOLOGIA (2011) provide specific recom- 1103

mendations for identifying and reaching out to stakeholders and 1104

for building accountability and sustainability into core business 1105

practices. 1106

We  propose a simple unit to reflect stakeholder participation, 1107

the percentage of stakeholder concerns and suggestions addressed 1108

in documented responses, reported on an annual basis. This indica- 1109

tor can provide a vehicle to express commitment to, and document 1110

progress toward, what are often difficult to measure sustainability 1111

values. However, for this indicator unit to be reliable, consis- 1112

tent and transparent reporting mechanisms should ensure that 1113

documented responses legitimately address the concerns and sug- 1114

gestions related to sustainability criteria and indicators and that 1115

the mechanisms for dialogue remain open to all without fear of 1116

reprisal. 1117

Other potential indicators of stakeholder participation were 1118

considered but not selected. A relevant component of social accept- 1119

ability that emerges from the literature is equity or fair distribution 1120

of costs and benefits. Equitable access to energy and associated ben- 1121

efits is a measure of sustainability and energy security (GBEP, 2011; 1122

Sovacool and Mukherjee, 2011; Kates, 2011). Equity relates to the 1123

distribution of benefits spatially, temporally, and among groups of 1124

producers and consumers. Internalizing social and environmental 1125

externalities (see discussion of profitability) is only a start to esti- 1126

mating benefits so that they may be distributed equitably (Bond 1127

and Farzin, 2008). Measures of wealth distribution and statistical 1128

dispersion such as the Gini Index have been proposed to augment 1129

indicators of household income (GBEP, 2011), but these indices can 1130

be costly and challenging to apply at the scales required for bioen- 1131

ergy. However, consideration of how an indicator affects prioritized 1132

stakeholder groups can be a valuable dimension of sustainability 1133

analysis when data are available. In addition, GBEP calls for an 1134

indicator of “bioenergy used to expand access to modern energy 1135

services,” but there is no consistent and unambiguous measure- 1136

ment for this indicator. All choices (including taking no action) have 1137

a mixture of “winners and losers” from various perspectives, mak- 1138

ing it necessary to prioritize and weigh target beneficiaries, costs, 1139

and benefits, which further complicates comparability of analyses. 1140

Applying measures of equity and benefit distribution may  add com- 1141

plexity and cost related to attribution or result in an index with 1142

limited value for guiding corrective actions to improve sustaina- 1143

bility.
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3.6.4. Risk of catastrophe1144

The probability of catastrophe is a measure of social acceptabil-1145

ity of bioenergy that can be informed by transparent reporting and1146

public participation and can affect public opinion (Table 1). A catas-1147

trophe is an adverse event that occurs at such a large scale or with1148

such extreme intensity that it is not projected within the project1149

life cycle (except in cases where worst-case scenarios are eval-1150

uated). In other words, they are events with high-consequences1151

and relatively low probability of occurrence. Catastrophes could1152

occur at many stages of bioenergy supply chains and may  include1153

rare events such as explosions at refineries or unexpected, rapid1154

releases of algae and nutrients from very large-scale production1155

facilities. The primary motivation for including this indicator in the1156

suite is that catastrophes are known to affect risk perceptions and,1157

therefore, social acceptability of competing energy technologies.1158

Concern about catastrophes varies depending on the situation1159

and history. Some studies show that people do not worry much1160

about low probability hazards (Slovic et al., 1982). Others show1161

that low probability-high consequence events related to flooding1162

(Merz et al., 2009), hazardous waste sites, and radiation (Slimak1163

and Dietz, 2006) are more important to people than high proba-1164

bility events with greater effects (e.g., air pollution from coal-fired1165

electricity generation) as calculated (Merz et al., 2009) or suggested1166

by opinions of experts (Slimak and Dietz, 2006). Once an acci-1167

dent occurs, risk perception related to the technology or related1168

activities increases substantially. For example, following the Three1169

Mile Island partial nuclear meltdown, nuclear power became less1170

socially and politically acceptable because of views that risks are1171

unknown, dreaded, uncontrollable, inequitable, and likely to affect1172

future generations (Slovic et al., 1982). Similarly, following the1173

Deepwater Horizon oil spill, neighboring communities suffered1174

psychological distress effects (Grattan et al., 2011), and deepwa-1175

ter drilling was temporarily suspended due to perceived risks of1176

additional disasters.1177

While calculating perceived risk is desirable, there is no well-1178

understood factor that can be multiplied by a risk estimate to1179

produce indicators of perceived risk. We  believe that the indicator1180

of public opinion is a good proxy for perceived risk. See Hohenemser1181

et al. (1983) for some of the subtleties of the relationships between1182

technological risks and the perceptions of these risks.1183

The annual probability of a catastrophic event from a defined1184

energy technology affects the perception of the technology and is1185

therefore a suitable indicator of social acceptability. Some of the1186

factors describing technological hazards that are pertinent to catas-1187

trophes include spatial extent, concentration of a chemical agent,1188

persistence, population at risk, and human and nonhuman mortal-1189

ity (Hohenemser et al., 1983). We  suggest that a catastrophic event1190

as related to energy is one that occurs suddenly and results in 10 or1191

more human deaths, more than 1000 ha of land or water intensely1192

disturbed, or detectable species extinction or extirpation. The prob-1193

ability of future catastrophes can be estimated from the frequency1194

of catastrophes from closely related supply-chain elements in the1195

past, unless factors such as specific changes in procedure and safety1196

improvements are assumed to alter the probability.1197

4. Discussion1198

It is a challenge to parse a simple set of socioeconomic issues1199

from the expansive yet interconnected universe of sustainability1200

goals (Kates, 2010, 2011). In his overview of global sustaina-1201

bility initiatives, Kates (2011) compared agendas and priorities for1202

sustainable development and identified common themes, recom-1203

mending that the following challenges be addressed: poverty,1204

climate change, population growth, agriculture and food secu-1205

rity, biodiversity, ecosystem services, energy and materials, urban1206

growth, water and sanitation, health and well-being, and peace and 1207

security. For the purposes of this manuscript, we  focus on social 1208

and economic aspects of sustainability that are most relevant to 1209

bioenergy production pathways and energy alternatives. 1210

This paper identifies a suite of 16 indicators that can be used 1211

to characterize the socioeconomic attributes of sustainable bioen- 1212

ergy systems. The suite is not as detailed or comprehensive as 1213

other proposed approaches but may  be more practical to apply. 1214

Even so, 16 measures is a large number for which information 1215

needs to be obtained across the supply chain for any industry. To 1216

improve future analysis and communication to decision makers, 1217

it is important to develop agreement around a manageable set of 1218

clearly specified sustainability indicators. We  highlight ten indica- 1219

tors in Table 1 that could be tested to help meet this goal in the near 1220

term. 1221

Proposed indicators were selected based on criteria of being 1222

practical, unambiguous, resistant to bias, sensitive to changes, 1223

related to those changes, predictive, calibrated with known vari- 1224

ability, and sufficient when considered collectively. For a few of 1225

the indicators, inadequate data and methodologies are available to 1226

meet all of those criteria. For example, while concerns have been 1227

raised about potential effects of bioenergy systems on land and food 1228

security, there is no consensus on a science-based framework to 1229

assess current food security and sustainability options (NRC, 2012), 1230

much less the data and methods necessary to assess causal fac- 1231

tors (German et al., 2011). While applying the criteria more strictly 1232

reduces the number of indicators to 10 (Table 1), we believe that 1233

each proposed indicator reflects an important aspect of socioeco- 1234

nomic sustainability. 1235

We  envision that this set of indicators can be used as a refer- 1236

ence to ensure that the major sustainability attributes of bioenergy 1237

systems are considered and relevant indicators measured. While 1238

various examples of checklists exist [see for example Ismail et al. 1239

(2011) and the Inter-American Development Bank Biofuels Sus- 1240

tainability Scorecard (http://www.iadb.org/biofuelsscorecard/)], 1241

they are not focused on a small number of measurements that 1242

permit consistent comparison of alternative feedstocks, conversion 1243

processes, or transportation options and capture changing indica- 1244

tor values over time. Tracking and analyzing changes in indicator 1245

values are important to enable adaptive management and continual 1246

improvement, key concepts to support sustainability. 1247

Interest in understanding sustainability of bioenergy systems 1248

must be balanced by support for collecting and analyzing the data 1249

that are needed to quantify it. Those data should be reported in a 1250

way that is repeatable, reliable, timely, and representative of the 1251

spatial and temporal scales of interest. Where possible, we have 1252

tried to identify indicators that are complemented by established 1253

procedures for data collection, analysis, interpretation, and stor- 1254

age. Requirements for documentation and reporting for bioenergy 1255

systems should be consistent with and no more demanding than 1256

those for alternative sources of energy and land use. 1257

Several potential indicators were not selected because they did 1258

not meet our criteria for providing practical and predictive meas- 1259

ures that can be calibrated with known variability in responses 1260

to change. A specific example from RSB (2011) is, “The partici- 1261

pating operator provides objective evidence demonstrating that 1262

the implementation of the relevant management plan ensures that 1263

impacts on food security are minimized and mitigated, and that 1264

access, availability, stability and utilization of food at the local 1265

level do not decrease as a result of her/his/its biomass/biofuels 1266

operation(s).” Over 100 similar certification requirements are rec- 1267

ommended by RSB. Extensive and detailed reporting does not 1268

in itself assure a standardized or calibrated measure of change 1269

in sustainability. Although these RSB indicators reflect concerns 1270

identified through a global effort that included many stakehol- 1271

ders, the result involves multiple sub-requirements with indefinite 1272
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feasibility and cost implications. Extensive reporting and docu-1273

mentation requirements can be counterproductive to sustainability1274

by consuming more paper and energy without providing any real1275

improvement to the sustainability of a process.1276

Indices provide another approach to address the complexities1277

of sustainability. For example, the Index of Sustainable Economic1278

Welfare (ISEW) has been proposed as a substitute for a country’s1279

Gross National Product (GNP) or Gross Domestic Product (GDP)1280

(Neumayer, 1999) to better measure social well-being. Another1281

example of evolving efforts to improve upon GDP is the Inclusive1282

Wealth Index (United Nations, 2012). However, ISEW calculations1283

lack theoretical foundations, depend on arbitrary assumptions,1284

and neglect technological progress and increases in human capital1285

(Neumayer, 1999). In addition, ISEW assumes perfect substitution1286

between natural and other forms of capital (Neumayer, 1999), and1287

ISEW is limited to the national scale. Furthermore, when data on1288

diverse indicators are combined into one index, information about1289

each measure is lost. Thus, ISEW and similar indices were not pro-1290

posed as indicators of sustainability.1291

Stock depletion was considered as a resource conservation indi-1292

cator. While stock depletion could be incorporated into national1293

accounts such as GDP (e.g., Repetto et al., 1989; Solorzano et al.,1294

1991; Hamilton and Lutz, 1996) or ISEW (Torras, 1999), stock deple-1295

tion calculations are constrained by available data, are not easily1296

adapted to different scales, and primarily reflect changes based on1297

adjusted estimates of accessible stocks and new discoveries rather1298

than monitoring total resource consumption.1299

The context of any particular application strongly affects the1300

choice, measurement and interpretation of sustainability indica-1301

tors. Context considerations include the purpose of the analysis,1302

the specific fuel production and distribution system, policy influ-1303

ences, stakeholders and their values, baseline attributes, available1304

information, and spatial and temporal scales of interest (Efroymson1305

et al., in press). Knowing the context is essential for setting pri-1306

orities for assessment, defining the purpose, setting the temporal1307

and spatial boundaries for consideration, and determining practi-1308

cality and utility of measures. For example, the range of effects of an1309

event and perceptions of associated risks are shaped by context. The1310

socioeconomic context can amplify or attenuate risk (Kasperson1311

and Kasperson, 1996). In addition, regional differences influence1312

the selection, quantification, use, and interpretation of indicators1313

as well as the scale of the production unit or industry. There is1314

no fixed time frame for sustainability assessment, but most dis-1315

cussions refer to several future generations [e.g., an agricultural1316

sustainability criterion could be indefinite continuity of the farm1317

in the family (Sydorovych and Wossink, 2008)]. Different sustaina-1318

bility questions arise when considering future factors such as peak1319

oil, climate change, or population growth. While the time frame of1320

sustainability is long, some measures of sustainability (e.g., pub-1321

lic opinion regarding acceptability) are transitory and relevant for1322

short-term assessment and monitoring changes over time. Fur-1323

thermore, the numerical values and interpretation of any of these1324

indicators depend largely upon system boundaries, baseline or1325

business-as-usual assumptions, the treatment of co-products, data1326

sources, adjustments for energy quality, and assumptions used for1327

regarding new technologies and corresponding process efficiency1328

(input-output relationships).1329

4.1. Use of socioeconomic indicators1330

Sustainability indicators are typically used to evaluate trends1331

over time, to compare alternative energy sources, or to compare1332

future bioenergy options to business-as-usual conditions (which1333

often involve the use of fossil fuels). Some of the indicators1334

described here have little meaning in the absence of compara-1335

tive data. For example, trends in public opinion, stocks of natural1336

resources and household income are more informative about sus- 1337

tainability trends than are isolated measures of these indicators. 1338

In this sense, Smeets and Faaij (2010) considered wage rates in 1339

comparison with international poverty level standards and with 1340

national average wages as part of their analysis of sustainability 1341

criteria for bioenergy production. In an agricultural sustainability 1342

framework, income stability is emphasized more than income level 1343

(Sydorovych and Wossink, 2008). Yield volatility and price volatil- 1344

ity are more important than yield and price in determining energy 1345

and food security. Fossil energy ROI can indicate a representative 1346

and comparative value for a defined, short time frame in addition 1347

to providing a target for improvement over time. While favorable 1348

public opinion can be a useful measure in isolation, trends in public 1349

opinion provide more valuable information about long-term sus- 1350

tainability. 1351

Some indicators could be measured for one component of the 1352

supply chain (e.g., employment in biomass production by a refin- 1353

ery); however, other indicators are less suited for component-level 1354

measures (e.g., terms of trade). Measurement of the latter indica- 1355

tors is dictated by data availability, which may  be limited to the 1356

enterprise, regional or national level. Also, the concept of a linear 1357

supply chain is only a convenient abstraction. Even a single biofuel 1358

refinery will likely have multiple biomass sources, transportation 1359

providers, suppliers of enzymes or catalysts, equipment suppliers, 1360

customers for co-products, and waste stream disposal processes. 1361

Having multiple inputs and multiple products increases the diffi- 1362

culty of collecting relevant data and may  raise issues of attribution 1363

(e.g., are jobs attributable to the fuel or the co-product). As indica- 1364

tors are selected and tracked, clear boundaries need to be defined, 1365

and methods to combine measurements need to be cognizant of 1366

those boundary conditions. 1367

4.2. Relationships among sustainability indicators 1368

Many of the recommended socioeconomic sustainability indi- 1369

cators for bioenergy systems are related (Table 1). Household 1370

income benefits are associated with the particular sector in which 1371

employment increases (Ewing and Msangi, 2009). For example, 1372

the social acceptability of maize stover removal among farm- 1373

ers as well as expected profitability depends, in part, on how 1374

new equipment and storage needs are met, and these factors 1375

influence the supply stability of maize stover feedstock (Tyndall 1376

et al., 2011). Reducing the amount of natural capital irretriev- 1377

ably consumed today also enhances long-term sustainability by 1378

improving political and economic security (which is tied to nat- 1379

ural resource wealth). Food security strongly relates to household 1380

income, because welfare measurements are indicated by the frac- 1381

tion of marginal income spent on food (FAO, 2011b), which declines 1382

with rising income. 1383

Furthermore, linkages between socioeconomic and environ- 1384

mental indicators are evident. Most directly, the profitability of 1385

bioenergy systems using energy crops and residues reflects produc- 1386

tivity measures and is strongly affected by soil, water, climate, and 1387

other environmental conditions. Moreover, market mechanisms to 1388

account for environmental or social externalities (such as pollu- 1389

tion or improvement of wildlife habitat) can improve economic 1390

competitiveness of more environmentally sustainable fuel path- 1391

ways. For example, a carbon trading system could increase the 1392

profitability of a biofuel system that sequesters carbon; or a car- 1393

bon tax could make conventional fuels more expensive, shifting 1394

a price advantage to renewable energy sources. Jobs, trade, and 1395

resource utilization would all be affected. In this way policies, mar- 1396

ket mechanisms and incentives can create interactions between 1397

multiple socioeconomic and environmental sustainability indica- 1398

tors. For sustainability assessments to be useful, socioeconomic 1399

dx.doi.org/10.1016/j.ecolind.2012.10.014
Original text:
Inserted Text
Solorzano, 

Original text:
Inserted Text
In 

kka
Inserted Text
aterial 

kka
Cross-Out

kka
Cross-Out

kka
Cross-Out

kka
Cross-Out

vhd
Cross-Out

vhd
Replacement Text
security,

<adding comma>



Please cite this article in press as: Dale, V.H., et al., Indicators for assessing socioeconomic sustainability of bioenergy systems: A short
list of practical measures. Ecol. Indicat. (2012), http://dx.doi.org/10.1016/j.ecolind.2012.10.014

ARTICLE IN PRESSG Model
ECOIND 1352 1–16

14 V.H. Dale et al. / Ecological Indicators xxx (2012) xxx–xxx

and environmental indicators need to be considered together as1400

integral aspects of sustainability of the bioenergy system.1401

4.3. Next steps1402

Next steps for the use of the proposed indicators of the socioeco-1403

nomic aspects of bioenergy sustainability are reaching consensus1404

on measurement protocols, selecting baselines and targets, test-1405

ing the proposed suite of indicators in diverse situations, exploring1406

and documenting the variability in indicators, soliciting feedback1407

and recommendations based on field testing, and jointly consider-1408

ing socioeconomic and environmental indicators. All of these steps1409

require communication among stakeholders.1410

It is important to consider environmental and socioeconomic1411

aspects of bioenergy sustainability together. For example, multiple1412

environmental and economic objectives can be pursued through1413

product design, manufacturing process design, recycling, and other1414

techniques (Srivastava, 2007) with full consideration of economic1415

and environmental tradeoffs. Joint analysis of these issues requires1416

attention to prioritizing indicators in a legitimate process that1417

involves all relevant stakeholders. It also requires a focus on the1418

priorities for the particular situation.1419

A critical next step in sustainability analysis is evaluation of the1420

availability of supporting data and implementation of standard pro-1421

tocols to acquire, evaluate and archive needed information. Testing1422

the proposed indicators via application to a diverse set of sample1423

cases will help evaluate the availability of necessary data, prioritize1424

data and methodological efforts, and generate ideas for improve-1425

ment.1426

5. Conclusions1427

This paper identifies a minimum set of ten socioeconomic indi-1428

cators that should be applicable across many bioenergy supply1429

chains and larger scales. It focuses on indicators that are useful to1430

diverse stakeholders, including resource managers, policymakers,1431

planners and designers of proposed certification schemes. While1432

one small set of indicators cannot characterize socioeconomic sus-1433

tainability of bioenergy systems under all possible situations, these1434

indicators provide a starting point that could be sufficient in many1435

cases. The proposed socioeconomic indicators of bioenergy sus-1436

tainability fall into six categories: social well being, energy security,1437

trade, profitability, resource conservation, and social acceptability.1438

As conditions change, the process of characterizing sustainability1439

will need to evolve to reflect new information and society’s chang-1440

ing priorities.1441

When focusing on ways to measure sustainability, it is impor-1442

tant to recognize that a plethora of diverse indicators for bioenergy1443

can confuse rather than inform decision-makers (Junginger et al.,1444

2011). Burdensome and impractical demands for information can1445

deter broad adoption of more sustainable practices. Agreement on a1446

few common measures of bioenergy system sustainability is essen-1447

tial to develop clean energy markets. However, selecting a small set1448

of specific indicators requires compromise. Some contexts demand1449

unique indicators and some desirable indicators require informa-1450

tion that is either not available or too expensive to obtain. It is1451

important to develop a practical and consistent way to character-1452

ize what sustainability means and to structure a way to assess the1453

ability of bioenergy systems to advance toward that goal.1454
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