ABSTRACT
RADICS, ROBERT ISTVAN. Forest Bioenergy: Social, Environmental and Economic

Perspectives. (Under the direction of Dr. Stephen Kelley and Dr. Sudipta
Dasmohapatra.)

The goal of this paper is to examine sustainability impacts of forest bioenergy
by determining social perspectives, and combining that with the economic and
environmental impacts to evaluate tools that optimize these impacts. Public
perceptions about bioenergy is used in this paper to understand how society perceives
bioenergy impacts and a qualitative and a quantitative tool have been compared to
optimize bioenergy sustainability.

A systematic literature review on stakeholders’ perception of bioenergy
resulted in 44 published articles between 2000 and 2013. Among stakeholder groups,
the majority of studies (79%) focused on the general public’s opinion about bioenergy.
Overall findings show that the stakeholder groups show low to moderate support for
the bioenergy industry. The results of the systematic review introduced in Chapter 1.

Based on the systematic review, an extensive survey of the general public was
conducted in NC and TN in Fall 2013 and Spring 2014. The results from this study are
presented in Chapter 2. Approximately, 586 consumers completed the electronic
survey (376 NC, 210 TN). Solar and wind energy sources were mostly recognized as
renewable compared to all other energy sources. The findings from this study highlight
not only educational needs and outreach efforts but also reflect the need for
trustworthy channels of communication, helpful policy, market, and institutional

support for bioenergy success.



Chapter 3 includes an assessment of a qualitative tool to examine the social,
economic and environmental impacts of bioenergy for a wood-to-pellet production
case. A Multi-Attribute Decision Support System (MADSS) was used to analyze
woody feedstock alternatives — naturally regenerated hardwood, plantation pine, and
plantation poplar - for pellet production. Plantation pine were found the most
sustainable, closely followed by natural hardwood. When analyzing economic criteria
alone plantation pine and plantation poplar were found to have advantages over
natural hardwood, due in large part to their higher growth rates. On both
environmental and social indicators, natural hardwood was found to have a better
footprint compared to the other two feedstocks.

A quantitative tool — linear programming - was used to optimize of forest
biomass supply chain for bioenergy production. Two feedstocks (roundwood and
wood residues), two products (white pellet, torrefied pellet), two markets (domestic,
international), and two kinds of end use (power generating, heating) were optimized.
The objective of this case study was to optimize the monetized social, environmental,
and economic impacts of different alternatives, and analyze the trade-offs. The
economic optimization resulted that the best solution was to use 1104 GBtu
Roundwood and 474 GBtu forest residue feedstock for producing black pellet to the
EU, for heating. The higher bioenergy prices in the EU and using the maximum
capacity of the pellet mill resulted in $5.4 million profit/'year. The economic and social
impacts optimization differs from the economic in the achievable profit and rank of the
scenarios. Although, roundwood costed more than forest residue, this payment was a

social benefit for the local community, so the higher feedstock cost resulted in higher



benefits together. Also, the higher feedstock demand for black pellet production made
it more advantageous from socio-economic perspective. The economic and social
optimization resulted in $19.8 million a year, what was almost four times higher than
the economic benefit alone. Both socio-economic and the tri-objective (economic,
social, and environmental) optimization found that black pellet production from
roundwood to the EU market for heating is the most beneficial. Black pellet became
even more advantageous because the higher energy density decreased ocean

transportation costs, but also reduced the emission by transportation of energy.
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INTRODUCTION

Bioenergy had a leading role in energy till fossil energy sources took over this role in
the 19th century. In the last decades, the advantages, opportunities, and possible
negative impacts of growing bioenergy industry indicated an abundant research. The
2007 Energy Independence and Security Act (EISA) mandates the production and
use of 36 billion gallons of bioethanol using renewable feedstocks by 2022. Of this, 21
billion gallons is required to be produced from a non-corn feedstock. The U.S.
Department of Energy has also highlighted the potential for production of other types
of bioproducts (e.g., chemicals) for a greener, low-carbon society (U.S. Department
of Energy 2011). The One example of the rapid changes is US pellet production which
has increased from 8.5 to 120 PJ (from ~380,000 metric ton to 5,345,000 metric ton)
between 2000 and to 2010 (Lamers et al. 2012), and the trend expected to continue
in the next decade. Clearly, biomass as a feedstock for bioenergy has a complex array
of potential benefits and cost for the economy, environment and society (Scott et al.
2012).

Cambero and Sowlati (2014) conducted a literature review of the environmental,
social, and economic optimization studies of the forest biomass supply chain by
analyzing 54 assessment studies. They found that while there are a number of studies
looking at the economic and environmental impacts and interactions of different
bioenergy systems, the social impacts of forest biomass supply chain were not studied

or optimized (Figure 21).



The successful growth of any new technology and its acceptance in the marketplace
is not solely dependent on its technical and economic advantages, but also requires
environmental and social acceptance. This is also true for new products such as bio-
ethanol/diesel, wood pellets or other bio-products, where societal acceptance and
cultural dimensions play an important role in a product’s success in the marketplace
(Miller and Lewis 1991, Rochracher et al. 2004, Dwivedi and Alavalapati 2009, Pacini
and Silveria 2010, Halder et al. 2011).

This work looks at different levels public perception for bioenergy, and then uses
gualitative and quantitative multi-attribute decision support tools to evaluate specific
bioenergy production systems.

Chapter 1 is a systematic review of bioenergy perception studies and in Chapter
2consumers’ perception of bioenergy in North Carolina and Tennessee is explored to
define the perceived social impacts of bioenergy.

In Chapter 3, a qualitative tool, the Multi-Attribute Decision Supporting System
(MADSS) is used to analyze social, environmental, and economic impacts of different
feedstocks for bioenergy production.

In the last chapter (Chapter 4), a quantitative linear programming approach was used
to optimize pellet production with consideration of social, environmental and economic

benefits and costs.



CHAPTER 1

SYSTEMATIC REVIEW OF BIOENERGY PERCEPTION STUDIES

Robert Radics, Sudipta Dasmohapatra, and Stephen S. Kelley

This paper presents the results of a structured review of published articles that discuss
stakeholders’ perceptions of bioenergy, including both biofuels and biopower. An
electronic search process using numerous key terms identified 44 peer-reviewed
publications from 2000 to 2013 that focused on stakeholders’ perceptions,
understanding, and acceptance of bioenergy. These findings indicate that in the last
decade the research community has been more active in publications focused on the
societal and public perceptions of the bioenergy industry compared to prior years.
Among the reviewed studies, most (84%) are based in the US and Europe, and only
a few recent studies have focused on stakeholders in Asia and other parts of the world.
This review revealed no standardized methods for evaluation of stakeholder
perception, for data collection, or statistical analysis of the data. Among stakeholder
groups, the maijority of studies focused on the general public or the consumer’s
opinion about bioenergy (79% of studies). Overall findings show that the stakeholder
groups show low to moderate support for the bioenergy industry. As anticipated, the
stakeholder groups had varied views about the opportunities and risks associated with

bioenergy industry, and these views varied based on their experiences.

Keywords: Systematic-review; Bioenergy; Perception; Stakeholders
Contact information: Department of Forest Biomaterials, North Carolina State University, Campus

Box 8005, Raleigh, NC 27695, U.S.; *Corresponding author: riradics@ncsu.edu



INTRODUCTION

In the last decade, societal acceptance and perceptions of bioenergy has become a
significant area of research. This is evidenced by marked increases in publications in
this area as seen in several journals focused on biomass and bioenergy as well as in
grant proposals where social impacts are one of the key areas of focus. In addition to
the traditional focus on technical, economic, and environmental aspects of bioenergy
production, the knowledge and perception of the society and the social impacts are
also the focus of many discussions as an integral part of successful diffusion of
bioenergy in today’s economy (Miller and Lewis 1991; Dwivedi and Alavalapati 2009;
Halder et al. 2010; Pacini and Silveria 2010; McCormick 2010). Public perceptions
about the opportunities and risks from the introduction of any new product in the
marketplace are considered to be a key factor in avoiding market failures (Fry and
Polonsky 2004; Rohracher et al. 2004; Verbeke 2007; Wegener and Kelley 2008).
While interest in the area of societal perceptions in bioenergy is evident, it is clear that
in measuring public perceptions, the knowledge, opinion, and attitude of each of the
dynamic stakeholder groups who may be directly or indirectly impacted by the industry
need to be taken into account (Dwivedi and Alavalapati 2009; McCormick 2010;
Johnston et al. 2013). In addition to the consumers (final users) and the landowners
(feedstock suppliers), there are other stakeholder groups including industry personnel,
investment groups, government, academia, non-profit organizations, policy makers,
and other users (utilities and other industries) who may have an impact on the

acceptance of bioenergy products in the marketplace. These stakeholder groups may



have different, sometimes conflicting values and goals based on their involvement or
level of interaction with the product, which should also be considered by the industry
when investing in a facility or product commercialization (Johnston et al. 2013). For
example, the landowners may be interested in a long-term contract for feedstock
supply to bioenergy industry for economic stability, whereas the general public may
be interested in the environmental impact more than the financial return to investors.
Thus, each stakeholder group should be carefully identified to understand their level
of understanding and risk perceptions.

To help understand how different stakeholder groups perceive the bioenergy
industry, the present article presents a synthesis of publications on bioenergy using a
systematic review approach. There are many excellent studies published in this area,
although many studies have distinct conceptual and methodological limitations and do
not report adequate detail to allow for a complete assessment of their reliability. Thus,
a systematic review and synthesis of results is useful to better understand the
commonalities, and differences, between the studies and to gain more complete
insight into the relevant and reliable research rather than focus on a few individual
studies or a small group of studies (Gough et al. 2012). As yet, there does not appear
to be a review that has considered the bioenergy perception area from a broader
perspective comparing different stakeholder groups and examining the range of
research methodologies. The results of the synthesis will not only provide a summary
of the current work on this topic in one place, but also present a more complete picture

for investors and policymakers to make informed decisions.



We examine perception in this paper as a means of understanding behavioral
intentions based on Fishbein and Ajzen’s (1975) theory of reasoned action. The theory
of reasoned action models intentions and behaviors as consequences of perception
measured as attitudes and subjective norms. Attitude is defined as the evaluation of
how favorable or unfavorable performing a particular behavior will be and perceived
norm is the social pressure one expects regarding performing the behavior. In a recent
publication (Fishbein and Ajzen 2010), the authors consider another type of perception
“self-efficacy” that influences intention in addition to attitude and subjective norm. Self-
efficacy is defined as the extent to which a person feels capable of performing a
particular behavior.

Gibson (1969) was one of the first researchers to publish about the theory of
perception learning and development by defining perception as the ability to extract
information from a stimulus array. According to the author, perception guides action
and is one of the important ways to understand behavior. Hemholtz (1971), another
early leader of perception research, argued that perception is not direct registration of
senses or stimuli but there are intermediate processes (such as inferential thinking)
that allows for one to develop their perception. Using experiments, the author shows
that the more perceivers have experience (engage in the activities), the more
knowledgeable they are, and experience helps one to choose between two belief sets.
The literature shows that perception is affected by a number of variables through the
intermediate processes including a person’s expectations (Vernon 1955), their

emotion (Kunst-Wilson and Zajonc 1980), their motivation (Allport 1955), and culture



(Deregowski et al. 1972). The bioenergy perception analysis of stakeholders in this
study includes some reflection on differences in demographics that may be impacted

by the aforementioned factors.

OBJECTIVES
The goal of this article is to synthesize the results and findings from past studies

focused on the perceptions of stakeholder groups about bioenergy using a structured

systematic review. The specific objectives of this research include:

e I|dentifying experiments and methods used in the perception literature across
papers;

e Examining the level of acceptance (positive or negative) toward bioenergy by the
stakeholder groups;

e Identifying the perceived risks and opportunities in four specific subcategories
(economic, environmental, social, and technological);

e Recognizing the challenges faced by researchers in conducting perception studies

including the identification of areas that require further research.



METHODOLOGY

A systematic review was undertaken to analyze the literature on stakeholders’
perception of bioenergy along salient dimensions of the research methodologies. The
results from this review were then used to generate a meta-analysis of the knowledge
that could be used to guide future perception research on bioenergy. Reviewing
research systematically involves three key activities, including 1) identifying and
describing the relevant research, 2) critically appraising research reports in a
systematic manner, and 3) bringing the findings together to form coherent statements
or themes, a process also called synthesis (Gough et al. 2012).

In order to find the available relevant literature on the perceptions of bioenergy
stakeholders, pre-searches were run with various keywords in several different search
engines (Internet Explorer, Google Chrome, Safari) to find relevant studies. Based on
the methodology proposed by Moher et al. (2009), the steps for searching, extracting
and including articles in our systematic review, is shown in Fig. 1.

Three methods were used for the article search including Google Scholar search
motor for peer-reviewed studies, Web of Science, and two databases - CAB Abstracts
and Summon Database (both databases contain records of books, articles,
conference proceedings, thesis and dissertations, videos, etc.) Over 100 articles and
documents were found that were focused on stakeholder perceptions of bioenergy
using the keywords indicated in Figure 1 and based on the two criteria for inclusion of
articles. Peer-reviewed articles published in English;

e Published articles between 2000 and 2013 (search was done mid-year in 2014).



The following criteria were used as additional filters for the inclusion of articles and
publications found by the systematic literature review:

e Articles that include primary data collected;

e Avrticles are covering or discussing at least one stakeholder group.

The above criteria narrowed the focus to 52 articles, and a further examination of
the articles led to the exclusion of articles focused on renewable energy other than
biomass-based energy (solar, wind, tidal, hydrology) and those articles that did not
allow for summarization of data. The final count of included articles was 44. The
present findings are discussed based on the articles using the above methodology
and focus on factors that are most significant for the bioenergy industry success in the
marketplace. In doing so, ideas are systematically presented indicating that the
bioenergy industry may or may not utilize them based on past literature without

introducing any author bias.



Identification Databases: Articles included:
(n>100) e Peer-reviewed articles in English

Google Scholar e  Published between 2000 and 2013
Web of Science

CAB Abstracts

Summon
Keywords (combination of at least one word from
each of the first two bullet points without and
with one word from the third bullet):
e Bioenergy, Biofuel, Renewable Energy
e Perception, Attitude, Opinion
e Societal, Stakeholder, Public
Screening Screened by t|t|e' Art|C|eS eXCIuded:
abstract ¢ No primary data collected
(n=52) e No stakeholder group included
Included Studies _ . Focu; on energy other than biomass.,-ba‘\sed energy
summarized (n=44) e  Studies that allow for some summarization of the
responses

Figure 1 Methodology for Literature Search and Document Extraction

RESULTS

The 44 published articles based on the search criteria are presented in Table 1, with
their authors, the year of publication, and the region represented.

Seven of the listed 44 articles focused on general renewable energy, instead of

bioenergy or biofuels, specifically. However, they were included in our publication list

10



of papers because they included bioenergy or biofuels, and respondents views on

bioenergy or biofuels could be explicitly identified.

Table 1 shows an increasing number of publications focused on the stakeholder

attitudes on bioenergy. The frequency of these articles increased rapidly in the late

2000s as researchers and industry recognized that public perceptions and acceptance

were as important as technical and financial feasibility in the marketplace.

Table 1 Published Studies by Author, Year, Region, and Stakeholders

Index Author Year Country/Region Stakeholders
Published | (State if USA)
1 Aguilar and Cai 2010 USA (Across the General Public (n=217)
Country)
2 Aguilar et al. 2013 USA (Missouri) Forest Landowners (n=607)
3 Bohlin and Roos 2002 Sweden — Europe Forest Landowners (n=173)
4 Borchers et al. 2007 USA (Delaware) General Public (n=128)
5 Cacciatore et al. 2012a USA (Wisconsin) General Public (n=556)
6 Cacciatore et al. 2012b USA (Wisconsin) General Public (n=593)
General Public (n=119
7 Delshad et al. 2010 USA (Indiana) including 54 students, 65
citizens)
NGOs (n=7)
8 Dwivedi and 2009 USA (Southern Government (n=8)
Alavalapati States) Industry (n=10)
Academia (n=10)
9 Gautam et al. 2013 Nepal — Asia Foresters (n=65)
Finland, Slovakia, General Public (n=1,903,
10 Halder et al. 2013 Turkey — Europe; Students)
Taiwan — Asia
11 Halder et al. 2012b Finland — Europe Forest Landowners (n=79)
Finland, Slovakia, L
12 Halder et al. 2012a Turkey - Europe; General Public (n=1,903,
. ) Students)
Taiwan — Asia
Finland — Europe; General Public (n=495,
13 Halder et al, 2011 China — Asia Students)
14 | Halder et al. 2010 Finland — Europe General Public (n=495,
Students)
15 Hansla et al. 2008 Sweden — Europe General Public (n=855)
16 2artmann and 2012 Spain — Europe General Public (n=726)
paolaza-lbanez
17 Hassan et al. 2013 Bangladesh — Asia General Public (n=240)
18 Magar et al. 2011 Scl)zltr;’ggeUnspecmed Bioenergy Experts (n=92)

11



Table 1 continued

19 Mariasiu 2013 Romania — Europe General Public (n=1,036)
20 Nyrud et al. 2008 Norway — Europe General Public (n=808)
Farm Landowners (n=50)
21 Panoutsou 2008 Greece — Europe Industry End Users (n=15)
22 Paula et al. 2011 USA (Alabama) Forest Landowners (n=363)
23 E;ltjillgjd and 2010 Sweden — Europe Farm Landowners (n=988)
24 Petrolia et al. 2010 USA (Across the General Public (n=748)
Country)
25 Plate et al. 2010 USA (Florida) General Public (n=298)
USA (Arkansas); General Public (n=605, 242
26 Popp et al. 2009 Belgium - Europe in US, 363 in Belgium)
27 Qu et al. 2012 China — Asia I(:no:rgz';ry Professionals
28 | Quetal. 2011 China — Asia General Public (n=441,
students)
General Public (n=29)
29 Rogers et al. 2008 UK — Europe End User Businesses (n=9)
30 | Savvanidou etal. | 2010 Greece — Europe General Public (n=571)
31 Scarpa and Willis | 2010 UK — Europe General Public (n=1,279)
General Public (n=661)
32 Selfa et al. 2011 USA (lowa, Kansas) | Other Stakeholders (h=not
reported)
. USA (Arkansas); General Public (n=605, 242
33 Skipper et al. 2009 Belgium — Europe in US, 363 in Belgium)
34 Ulmer et al. 2004 USA (Oklahoma) General Public (n=685)
Policy Makers (n=9)
35 Upham et al. 2007 UK — Europe General Public (n=20)
Upham and o
36 Shackley 2007 UK — Europe General Public (n=573)
General Public (n=30, local
Upham and community)
37 Shackley 2006 UK — Europe Local government and
industry (n=3)
Upreti and van der General Public (n=43)
38 P 2004 UK — Europe Other Stakeholders *** (n ~
Horst
>6, exact n not reported)
39 ;/Ian de Velde et 2009 Belgium — Europe General Public (n=363)
Wedgener and USA (across the
40 9 2008 country, States General Public* (n=1,049)
Kelley i
unspecified)
TRk _ _
41 | Westetal. 2010 UK — Europe General Public* (n~40-120,
exact n not reported)
10%* ~
42 | zamikau 2003 USA (Texas) General Public™ (n~ 1,400,
exact n not reported)
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Table 1 continued

43 Zhang et al. 2011 China — Asia General Public (n=374)

44 Zografakis et al. 2010 Greece — Europe General Public (n=1,440)

* The authors collected data not specifically for their current article reported here but used their
previously collected data instead to make observations about the topic under study

** The authors did not allude to the exact number of participants

*** |Includes government personnel, some nongovernment and some industry personnel (exact n for
each group not provided)

Approximately 9% of the articles were published between 2000 and 2004, and 30%
between 2005 and 2009; 61% of the scientific peer reviewed articles included in this

meta-study were published between 2010 and 2013, with a spike in 2010 (Fig. 2).
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Figure 2 No. of Publications by Year

Approximately 57% of the published studies during the years 2000 to 2013 were
based in Europe, about 36% in the US, and 16% in Asia. Of these, four articles
compared attitudes of stakeholders in two or more regions (Europe and Asia in 2

articles and Europe and USA in 2 articles) as shown in Table 1.
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A regional comparison of the articles showed 50% of the papers from US (n=16) with
a focus on US South, 31% with a focus on US Midwestern states, and the rest with a
focus on stakeholders across the US. Similar regional comparisons showed 96% of
papers in Europe (n=25) with a focus on Western European stakeholders and 71% of
papers in Asia (n=7) from Eastern Asian countries (e.g., China, Taiwan).

The most analyzed stakeholder group in our list of articles was the general public or
the consumer group (Table 1), which was reported in over 79% of the articles (n=34).
Of these articles, six collected data from student groups with four articles focused on
students with an average age of 15 years. The forest and farm landowners were the
focus in 16% of the articles, followed by government or policy makers in 9.3% of the
articles. Other stakeholder groups including non-government representatives,
bioenergy plant/manufacturing representatives, employees in bioenergy plants,
industry end-users, academics, etc., made up the stakeholder focus in 19% of the

studies. Seven articles included perceptions drawn from multiple stakeholder groups.

Data Collection Methods and Sampling

Table 2 shows the data collection methods used in the articles. About 73% of the
reports used mail or electronic surveys, with interviews (face-to-face or telephone)
being the second most common at 21%. A mixture of the two approaches was used
in two studies. If an article included more than one stakeholder group, they usually
used different data collection methods, and both the data collection methods were

included in Table 2. For example, if a publication included both a general survey for
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input from the public at-large and the focus group with landowners it is treated as two
observations.

There was substantial variation in the size of the respondents, with the mean number
of respondents slightly above 600, and a median of 374.

The response rates were specified in 28 articles, with the mean of 38% and the median
around 39%. Over 80% of the studies used a small geographical (local/ county/ village/

school) focus or sub-population e.g., students, drivers at gas stations.

Table 2 Data Collection Method

Data Collection Method % Publications* (No. of Publications)
Survey (mail or computer-assisted) 73% (n=32)

Interview (face-to-face, telephone) 21% (n=9)

Focus Group 9% (n=4)

Mixed (survey, interview, face-to-face)** 4% (n=2)

* Numbers do not add to 100% because some articles (n=7) collected data from more than one
stakeholder group with each group having a different data collection method reported here.
**Method is only considered mixed if more than one type of data collection method is used to
generate output for the same stakeholder group in an article.

Demographics and Product Focus

Given the topic of the systematic review, most studies collected data on respondent
attitudes, perceptions, and knowledge. Two publications were focused on respondent
behavior (namely, what type of sources of information they used for biofuels/bioenergy
information gathering, and what daily activities did they engage in that had green/low
environmental footprint), and five articles focused on willingness to pay for biomass-
based power or biofuels. One study also focused on willingness to supply biomass to
the bioenergy industry. Table 3 shows the product/application focus in each article by

region.
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Table 3 Product/Application Focus of Perception Studies by Regions

(% of publications)

EL%?il:;;tt/iﬁﬁgncaﬁon on Focus in (r?:slpé) I%:ljic;ps);a (,?]s:i% Put(;/?i(-:recx)ttiilns*
(n=44)
Biofuels for transportation 36% 20% 14% 25%
Forest Bioenergy 18% 8% 43% 18%
Bio-power (electricity production) 13% 20% 0% 16%
Bioenergy for heat/power 0% 20% 0% 14%
Biofuels (unspecified and for heat/power) 25% 4% 14% 11%
Bioenergy (in general, unspecified) 0% 24% 29% 11%
e e o | ow | 4w | oo | ass
Total 100% 100% 100% 100%

Note: Two studies were in Europe and the US, and two includes Europe and Asia.

About 4.5% of the articles were about renewable energy sources (including solar,
wind, hydro, and included biomass-based energy). Bio-power was the focus of 16%
of the articles (n=7). Biofuels were the focus in about 36% of publications (n=18), with
25% focused on biofuels for transportation and (n=12), and 11% focused on bio-power
or heat (n=6). Bioenergy was the focus of 19 publications including 18% with a focus
on forest bioenergy (n=8), 11% about bioenergy for heat or power (n=5), and 18% of
the articles that did not specify the specific application of bioenergy (n=8).
Demographic information was reported by 31 studies, with gender, age, and education
being the most commonly reported data (Table 4). For the studies that reported
demographics, 62% of the respondents were male, the mean age was 45 years (22
articles excluding four articles specifically focused on students), and 56% of

respondents had a college degree or higher in publications (n=12). Other
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demographics such as income, percentage of rural respondents, number of people in

the household, area of land owned, and political affiliations were infrequently included.

Table 4 Most Common Demographic Data in articles (n=31)

Average demographics (or most
frequently included demographic
characteristics of the studies)

Mean or most frequent

No. of articles reporting
demographics

Age Mean age=44 years* 26

Gender (males) Mean %=61.7% 26
0 -

Education Mean % having at least a 12

college degree = 56%

Note: *five studies reported median age or most frequent age group (the median was considered an
approximation of the average and the center of the most frequent age group was taken to represent

the mean age.

About 4.5% of the articles were about renewable energy sources (including solar,

wind, hydro and included biomass-based energy). Bio-power was the focus on 16%

of the articles (n=7). Biofuels were the focus in about 36% of publications (n=18), with

25% focused on biofuels for transportation and (n=12), and 11% focused on bio-power

or heat (n=6). Bioenergy was the focus of 19 publications including 18% with a focus

on forest bioenergy (n=8), 11% about bioenergy for heat or power (n=5), and 18% of

the articles that did not specify the specific application of bioenergy (n=8).
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Findings by stakeholder groups

General Public

The findings from the articles focused on the general public are provided in Table 5.

Bioenergy support and opposition

The general public is relatively unfamiliar with biomass energy, which explains their
lack or lukewarm support to bioenergy (Upreti and van der Horst 2004; Upham and
Shackley 2007; Dwivedi and Alavalapati 2009; Popp et al. 2009; Savvanidou et al.
2010; Halder et al. 2011; Mariasu 2012). The level of support of bioenergy/biofuels
did not vary between geographical regions. Support or opposition to bioenergy was
found to depend on many factors including respondent knowledge and opinion of
various attributes, demography, and their experience with renewable energy in the
past, and their exposure to the media. The findings from the articles show that the
public support is moderate to low toward bioenergy and biofuel industry. However,
greater enthusiasm is shown for second-generation biofuels (from cellulosic
feedstocks) when the public is informed about them. The level of bioenergy support
did not differ among articles across the years (we looked for differences between
articles published before 2010 and those published in 2010 and beyond). Additonally,
respondents across almost all articles indicated having low knowledge and awareness

of bioenergy.
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Attributes driving opinion about bioenergy (purchase/use)

Each article included information on how various attributes of bioenergy helped in
shaping consumer’s opinion about it either for purchase or use. Half of the studies
measured these attributes/factors relative to gasoline or power, while other studies
asked for the consumers’ attributes on bioenergy in isolation. Nevertheless, there
were no consistent differences in the findings about the important attributes among
these studies. Studies show that the most important attribute that drives consumer
opinion of bioenergy is economics, specifically the purchase price of bioenergy
products (Zarnikau 2003; Panoutsou 2008; Popp et al. 2009; Savvanidou et al. 2010;
Mariasu 2012). Respondents have the perception that bioenergy may cost them more
than alternative products and indicate their unwillingness to pay a premium.
Additionally, consumers indicated they are likely to use biofuels (bio-based
transportation fuels) on the precondition that it does not have an adverse impact on
their vehicle performance or damage their car. Consumer stakeholders were also
skeptical that bioenergy industry can create any significant economic impact on
development in rural areas. In addition to concern over biofuel impact on vehicle
functionality (Delshad et al. 2010; Savvanidou et al. 2010; Mariasu 2012), people
are concerned about bioenergy systems competing with food systems and that
increasing bioenergy production will increase the price of food (Dwivedi and
Alavalapati 2009; Popp et al. 2009; Halder et al. 2011). Thus, in a few articles, support

to bioenergy was based on the precondition that bioenergy does not compete with
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existing food supply and price. People were not in favor of increasing food prices
to lower fuel prices. This finding was primarily limited to the US-based articles.

All articles reported consumer perceptions of environmental impacts of bioenergy.
Concern for environmental benefit or impact of bioenergy in all studies was ranked
lower than the concern for the price of biofuels and the effect of biofuels on vehicle
functionality and efficiency. In over two-thirds of the articles, the general public
considered bioenergy to be less detrimental to the environment. This lower
environmental impact was reported largely in articles that compared perceptions of
bioenergy environmental impacts to that of gasoline. The general public supported
bioenergy if it leads to conservation of natural resources and low impact on green
spaces across all geographies. Articles that considered public perceptions of
communities that might host bioenergy plants are summarized later, and these articles
highlighted some key, localized environmental issues such as odor, air pollution or
truck traffic that would impact the local community (Delshad et al. 2010; Savvanidou
et al. 2010).

Another factor included in articles is the public perception of bioenergy for
improvement in national security (Dwivedi and Alavalapati 2009; Delshad et al.
2010). Consumers in some studies ranked this factor among other important factors
such as environmental impacts of producing and using energy, while in others, it was
not important at all in shaping the public’s opinion about bioenergy. The importance
of national security in consumer’s bioenergy perception was only true for articles in

the US and Asia but not in Europe.
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In one-fifth of the public stakeholder-based articles, perceptions about the state of
bioenergy technology were measured. Most articles reported that a large majority of
stakeholders were not aware of and knowledgeable about the technologies used for
production of bioenergy. When aware, respondents indicated that bioenergy
technology was relatively weak and was not mature enough to warrant their support
towards renewable energy projects.

Other factors such as creation and increase in jobs and rural development due to
bioenergy and subjective norms were found to be important to consumers in a few
studies. Subjective norms are people’s perception of how the society views their
actions, and this factor had a positive impact on their willingness to support bioenergy.
Citizens favor small-scale local facilities to large bioenergy facilities, and their
perception was guided by whether jobs will be created. Policy measures such as
government regulations that mandate the use or production of biofuels was not ranked
highly, and in fact, some studies in Europe show that government interference in this
market is not well liked by the consumer groups (Upham and Shakeley 2007; Upham
et al. 2007.) Additionally, government subsidies along the supply chain are not favored
by the consumers.

Students (below 18 years of age) (n=6 articles) appear to have poor understanding of
bioenergy and view bioenergy more negatively (especially for issues related to forest-
based feedstocks) compared to other general consumer groups. Student opinions
were mostly guided by their perceptions of the socio-environmental aspects of

bioenergy (Halder et al. 2012a, 2013).
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Of the 34 articles, seven measured perceptions of communities around planned

bioenergy plants and current bioenergy pilot plant. These community perceptions

have been separately examined in this work, as these communities are a specific

subgroup of the general public, have prior experience, and are arguably, more

informed compared to the general public. The following are the findings from these

studies:

The public sentiment toward ethanol or gasification plants in their communities
ranges from neutral to negative (Zarnikau 2003; Delshad et al. 2010; Savvanidou
et al. 2010; Zhang et al. 2011). Among the advantages cited by respondents were
the modest economic benefits to community, the opportunity for jobs creation
(although most respondents indicated the jobs would not be able to reduce
poverty), positive disposition towards reduced emissions from bioenergy, and
possible improvement in farmer’s income. Respondents favored small-scale
facilities over larger facilities, given that they will conserve natural resources and
provide benefits such as solving local energy issues, growth in local employment,
and allowing agricultural diversification. Large-scale plants should be sited outside
of the rural habitation (preferably, existing industrial zones or commercial forest
areas), according to citizens in four studies. Institutional support from local
authorities is considered to be favorable for supporting bioenergy plants in the local
area (Zarnikau 2003; Delshad et al. 2010).

Siting decisions were the most common issues of concern to host communities

(Upreti and van der Horst 2004). The respondents were unhappy that they were
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not consulted before siting decisions for pilot plants were taken in their community.
In addition, there was widespread concern about the future viability of the pilot
plants and impacts of the future declines on the community once a pilot plant is on
the ground. Almost all participating respondents indicated concern about pollution
and odors from the plants, and traffic issues due to truck movement. Increased
competition for water resources from other needs of the town/city as an impact of
bioenergy plant needs was mentioned. People reported distrust for the developers
and a lack of complete information about issues related to bioenergy plant

locations (Upham and Shackley 2007).

Demographic effects

When looking at findings from the articles about the impact of demographics on
shaping people’s opinions about bioenergy, it was found that most studies measured
and reported gender, age, education, and political affiliation (Table 5). Only a few
studies also indicated income and number of people in the household, and these
attributes were not included with enough frequency to allow for a quality analysis. Men
were self-identified to be more knowledgeable about bioenergy issues than women
across all regions. However, women were reported to be more likely to be supportive,
to consider the benefits to be greater than the risks, and willing to pay a premium for
bioenergy (Mariasiu 2013). Younger (less than 30 years of age) respondents were
more likely to have a positive disposition towards bioenergy (power or fuel) than the

older respondents (Zarnikau 2003). Articles published in the US showed that
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Democrats were more likely to have a favorable outlook towards bioenergy technology
and report concern about the environment than Republicans. The political content of
media mostly affects this perception (Cacciatore et al. 2012a). The rural public is more
likely to believe that bioenergy will produce jobs in rural areas and will benefit farmers.
There were no consistent trends in the studies regarding the effects of respondent
education in shaping consumer’s opinion on bioenergy (Popp et al. 2009). Some
studies showed that people with more educational credentials tended to be more
supportive of biofuel while others found that higher education leads to more concerns
about perceived risks of bioenergy. These differences were apparent among

consumers within the US as well as in Europe.
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Table 5 Perceptions of General Public (n=34 articles)

Focus Areas Key Findings
Bioenergy general | ¢ Moderate to low support towards bioenergy (Zarnikau 2003; Delshad et al.
support/opposition 2010; Savvanidou et al. 2010; Zhang et al. 2011)

e Public is relatively unfamiliar with the bioenergy industry and associated
impacts (Upreti and van der Horst 2004; Savvanidou et al. 2010; Zhang et
al. 2011)

e Greater enthusiasm for second generation biofuels (Delshad et al. 2010;
Zhang et al. 2011)

e Support/Opposition depends on respondent awareness and knowledge,
opinion on various attributes of product use, experience with renewable
energy projects, and media exposure, among others (Upreti and van der
Horst 2004; Halder et al. 2011, 2013)

e Support is preconditioned on many factors/attributes around the application
(Savvanidou et al. 2010)

Attributes driving e Economic attributes: Price is the primary driving factor (Borchers et al.

opinion about 2007; Savvanidou et al. 2010)
bioenergy o Low willingness to pay (WTP) any premium for bioenergy use
(purchase/use) o WTP depends on prevailing fuel/energy price

o Market attributes: Low cost, consistent availability, performance of biofuels
(on vehicles), effect on food availability and food price important (Popp et
al. 2009; Savvanidou et al. 2010)

e Technology and policy attributes: Biofuel and biopower technology is
perceived as relatively immature; citizens do not favor subsidies along the
supply chain and oppose regulations for green energy use (Delshad et al.
2010)

e Environmental attributes: Environmental attributes are important only when
compared to fossil fuels, odor or air pollution more important than other
environmental factors (Delshad et al. 2010; Savvanidou et al. 2010)

e Social attributes: Jobs and national security not as important as market
factors; societal subjective norms important; local generation at small scale
is perceived positively; institutional support (local authorities) is perceived
positively (Delshad et al. 2010)

Demographic e Females more likely to support bioenergy (Mariasiu 2013)

effects e Younger generation more likely to support bioenergy (Zarnikau 2003)

¢ Inconsistent relationship between education and support and perceptions of
risk associated with bioenergy (Popp et al. 2009)

Feedstock o Prefer feedstocks that have least impact on natural resources (Borchers et
preference al. 2007; Delshad et al. 2010)
e Prefer other renewable sources (solar, wind) over biomass (Borchers et al.
2007)

¢ Disagreement over importance of grass and wood including wood residues
for bioenergy

Information ¢ Mass media preferred by public (Delshad et al. 2010)
channels e  Utility companies ranked second (Borchers et al. 2007)
Other issues e Siting issues are a challenge (Upreti and van der Horst 2004)

¢ Not informed or no knowledge of bioenergy effects on environment (Upreti
and van der Horst 2004).

Note: The findings noted in the above are only included if they are included in two or more papers or
if adequate relevance is found regarding the focus areas.
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Feedstock preference

Approximately 70% of the articles with respondents from the general public measured
perceptions of different renewable energy sources including solar, wind, geothermal,
hydro, and biomass. Studies across geographies overwhelmingly found that people
support solar, wind, and hydro-based renewable sources more than any of the other
sources of energy. In fact, biomass was ranked lowest of all sources in many studies
(Borchers et al. 2007; Delshad et al. 2010; Halder et al. 2010, 2011). Respondents
across the studies disagreed over the importance of biomass sources, such as grass
and wood in generating renewable energy. Among biomass, corn stover and wood
waste ranked higher than other sources (Delshad et al. 2010). Although studies show
that grasses are viewed positively, the grass was ranked low relative to other
feedstocks; the lack of agreement could be a characteristic of lack of knowledge about
this source (Upreti and van der Horst 2004; Halder et al. 2011, 2013). Trees or wood
as biomass sources were ranked low, and the respondents cited a lack of knowledge
of how the harvest would impact the availability of green spaces, worry about loss of
forest cover and other environmental impacts, and concern for sustenance of the
forests as more and more wood was extracted. In summary, the preference for the
biomass source closely coupled to how its use impacted the environment and the

potential depletion of natural resources (Delshad et al. 2010; Savvanidou et al. 2010).
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Other issues

One additional clear conclusion was the respondents’ interest in becoming more
informed about the effects of bioenergy and biofuels on the environment, and they
were interested in receiving information. It is interesting to note that many respondents
do not even have clear understanding of what defines a renewable resource, and

whether wood and biomass resources are better or worse than coal, oil or natural gas.

Information sources

The studies that measured sources of information that the general public used for
bioenergy and biofuels, found mass media (TV, newspapers) as the most important
channels followed by utility companies. Note that the internet was not among the top-

ranked media channels for information.

Landowners

The findings of the articles focused on the landowners are provided in Table 6. This
table includes perceptions of both farm and forest landowners.

Landowners were moderately supportive of bioenergy primarily due to their perception
of its positive impact on employment and rural economic development (Panoutsou
2008; Paulrud and Laitila 2010; Paula et al. 2011; Aguilar et al. 2013). Landowners
indicated support for the bioenergy industry if it created rural employment and
economic development. However, almost all landowner respondents indicated

concerns about the long-term viability of the bioenergy industry (Paulrud and Laitila
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2010). Both farm and forest landowners were concerned about the impacts such as

loss of soll fertility if energy crops are grown or if thinned materials are removed from

forest floors (Panoutsou 2008; Aguilar et al. 2013). National security and

independence from foreign oil imports was not a major factor in decision-making to

supply biomass for bioenergy. Lack of bioenergy market structure, lack of land

availability, and no commercially successful examples of pilot plants were reported as

the primary barriers to supplying to the energy industry.

Table 6 Perceptions of Landowners (n=7 articles)

Focus Areas

Key Findings

Bioenergy general
support/opposition

Moderate support for bioenergy (Panoutsou 2008; Paulrud and Laitila
2010)

Concern about long-term viability of the industry (Paulrud and Laitila
2010)

Positive opinion on employment, rural economic development
(Panoutsou 2008; Paula et al. 2011; Aguilar et al. 2013)

Concern over environmental impacts of bioenergy (Panoutsou 2008;
Aguilar et al. 2013)

Factors affecting
barriers to supply

Lack of market structure (Panoutsou 2008)

Available land to dedicate to energy crops (Panoutsou 2008)

No commercially successful examples (Paulrud and Laitila 2010)
Barriers to adoption of forest management plans (forest) (Aguilar et al.
2013)

Depressed prices for wood (forest) (Aguilar et al. 2013)

Loss of sail fertility (Panoutsou 2008; Aguilar et al. 2013)

Factors driving
supply/harvest

Higher price of energy crops vs. food or pulpwood prices (Paulrud and
Laitila 2010; Aguilar et al. 2013)

Low investment cost (Paula et al. 2011)

Long term guaranteed contracts with fuel suppliers (farm) (Panoutsou
2008)

Demographic effects

Those with large land area more likely to supply (Paulrud and Laitila
2010)

Older landowners are more skeptical of the viability (Paulrud and Laitila
2010)

Other

Low awareness of benefits and bioenergy policies affecting landowners
(forest)

Tax exemption not as important as price (forest)

US independence from imports of foreign oil not important
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Landowners considered a higher price of biomass for energy compared to current
uses as the most important factor driving their intentions to supply and produce
biomass for bioenergy (Paulrud and Laitila 2010; Aguilar et al. 2013). They were also
interested in supplying if it required low investment cost, used conventional equipment
for establishment and harvesting (farmers), availability of forest-to-energy certification
schemes (forest), and long-term guaranteed contracts with the biorefinery (Panoutsou
2008; Paula et al. 2011). The forest landowners indicated that certification of lands
and tax exemptions from the government were not as important as the price of wood-
derived energy. However, if forest-based bioenergy certification schemes were in
place, they were perceived as helpful to increase market possibilities of forest biomass
to energy as well as to improve management practices. In addition to concern over
loss of land productivity associated with producing forest biomass, forest landowners
were worried about changes that might be required for implementing forest
management plans.

Farm landowners reported that long-term, guaranteed contracts with fuel suppliers,
would increase their interests in producing and supplying energy crops, and they were
even willing to consider a minimum loss in income in exchange for certainty
(Panoutsou 2008). For farm landowners the local cooperatives should act as contract
coordinators so farmers can receive support and guidance. They also indicated the
need for some compensation or financing if conventional farm equipment cannot be
used for bioenergy crops, and incentives to plant perennial energy crops with longer

rotations. This incentive could come from the government or the industry.
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Forest landowners reported limited awareness of the government programs that
provided benefits for producing biomass and bioenergy, and were interested in
learning more about bioenergy policies affecting them. A majority of farm landowners
showed interest in planting energy crops, and as long as markets were available they

were not concerned with whether the biorefinery was locally owned or not.

Demographics

The articles considered did not find any geographical difference in the perception of
landowners about bioenergy. Landowners from the US, Europe and Asia stated lack
of awareness, depressed price for bioenergy and land management needs as
important barriers for bioenergy adoption. Landowners with larger land area
responded positively to bioenergy because they can afford to take the risk (of part of
land dedicated to energy crops). Older landowners were more skeptical of and less
willing to produce biomass for energy relative to all landowners (Paulrud and Laitila
2010).

Female forest landowners, as well as those with lower levels of education, were more
inclined to supply to the bioenergy industry (Halder et al. 2012b). They also favored

government intervention in wood energy market more than others.

Government/Policy Makers (n=4 articles)
Government and policy makers (two articles included local government officials, and
two did not define the type of government or policy makers) seemed to favor bioenergy

in the four articles that included these stakeholders. According to these respondents,
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energy security and rural development with technology deployments are critical to
success, followed by environmental factors such as reducing greenhouse gasses.
This group perceived technological improvements leading to a successful
demonstration at the ground as key to spur interest and growth in this industry. The
government representatives also favored local biofuels plants as they have the
potential to create stable jobs and communities. These stakeholder groups that it was

essential that bioenergy did not compete with food production.

Forestry Professionals (n=2 articles)

Forestry professionals (in one article, forestry professionals were those employed in
the forest service and in another, they were reported as foresters) were not completely
informed about bioenergy and thus, were skeptical about its importance. They viewed
wind and hydropower as better sources of renewable energy but believed that forest
bioenergy has the potential to mitigate climate change. In order to be successful
bioenergy has to be promoted as environmentally sound, and consistent with a
sustainable forest management plan. They indicated interest in learning more about
forest bioenergy. They favored partial reliance on support and subsidies from the

government.

End-user Industries (cotton farmers and wood manufacturing units, n=4
articles)

This group was somewhat aware of biomass-based energy. They indicated interest in
using bioenergy in their operations for heating. In some cases these groups

considered bioenergy to be a competitor to the traditional forest products markets.
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However, they recognized that in specific sites that bioenergy could have a positive

impact on rural development and national security.

NGOs (n=2 articles)

NGOs (type of NGOs not defined in either article) consider rural development and
environmental impacts as the most important opportunities and challenges for
biomass-based energy. They also indicated that government support and
commitment was important for the success of this industry. Risks and barriers
perceived by them included uncertainty regarding markets and lack of commercial

technology.

Academia (n=2 articles)

Competition from other renewable energy sources was reported as a threat to
biomass power, and rural development and energy security were reported a
opportunities. The academic community did not consider the environmental impact of
bioenergy as a primary driver or barrier to the success of bioenergy. However, the
absence of a competitive market, a lack of the certification system, and reliable
technology were noted as significant barriers. Certification systems were viewed as
necessary for sustainable production and use of biomass. This group also indicated

the importance of bioenergy awareness programs to encourage bioenergy usage.
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Table 7 Perceptions of Other Stakeholders (n=12 articles)

Focus Areas Key Findings (where applicable)

Bioenergy general Government /Policymakers: Strong to moderate support towards bioenergy

support/opposition Forestry professionals: Skeptical about bioenergy, at best

Non-Government Organizations (NGOs): In favor of forest bioenergy

(Dwivedi and Alavalapati 2009)

Strength of e Potential to create jobs, revitalize rural economy, lead to energy

bioenergy security (government, end user groups, NGOs, academia) (Dwivedi
and Alavalapati 2009)

e Mitigating climate change (forestry professionals)

Barriers to e Technology still under trial (government, NGOs) (Dwivedi and

development Alavalapati 2009)

e Partial reliance on support and subsidies from government (forestry

professionals)

Bioenergy threat to current forest products markets (end-users)

Uncertainty regarding markets (NGOs, academia)

Competition from other renewable sources (Academia)

Lack of certification systems governing bioenergy (academia)

Government support and commitment was important for the

development of this industry (NGOs) (Dwivedi and Alavalapati

2009)

Other

Factors Likely to Promote Success of Bioenergy industry

Based on the above discussion, there are several critical issues and factors that are

likely to promote success that are outlined in Table 8.

Some of the key areas of focus for the general public to mitigate the risk perceptions

and promote success are the following:

e Education and information dissemination: Limited public understanding of
bioenergy and biomass technologies is evident from the included articles. This
finding emphasizes the need for raising awareness for all citizens concerned with
renewable energy sources and their link to general issues such as climate change
and also to local issues, e.g., rural income and community stability. One of the

advantages of education is that people are willing to be engaged in the decision-
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making process. When designing campaigns, public authorities and bioenergy

producers should consider issues such as the concerns of bioenergy use and

conservation.

e A collaborative approach to decision-making: Stakeholders expect to be included

in truly collaborative planning, interactive communication, public participation, and

collective learning processes. Siting decisions for plants require situation analysis,

e.g., what are the expected benefits and concerns, who are influential decision

makers, how they see the proposed development, how can local interests be

effectively represented, etc. for a local community. Institutional support from local

authorities is also important for community-based renewable energy projects to be

successful.

Table 8 Factors Likely to Promote Success by Stakeholder Groups

Key Stakeholders

Factors Likely to Promote Success

General Public

¢ Need for consistent and simple messages across channels from trusted
sources (Upreti and van der Horst 2004; Halder et al. 2011; Halder et al.
2013)

Collaborative planning process that includes integration of local
information into project design and consulting from local experts
(enhancing security at local level- energy, health, safety) (Delshad et
al. 2010)

Farm/Forest
Landowners

A model showing successful deployment at a small scale (with
network of collaboration) essential (Paulrud and Laitila 2010)
Development of certification standards and labeling (Qu et al. 2012)
Institutional support (local government, local landowner associations)
(Paulrud and Laitila 2010)

Education about production and economics (from extension agents)
(Paulrud and Laitila 2010)

Others

Education is key (Dwivedi and Alavalapati 2009)
Proper management of land
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DISCUSSION

The present analysis of the literature highlights a lack of standard methodologies for
both surveys and analyses. Wegener and Kelley (2008) indicate that when trying to
understand people’s attitude about the adoption of a particular bioenergy technology,
an analysis of social norms (e.g., group norms endorsed by others) created by the
actions of those in the local environment are extremely important. According to the
authors, social norms are even more powerful in situations that are ambiguous
(absence of factual information), as in the case of bioenergy. Thus, in the adoption of
new technologies such as cellulosic ethanol purchase for vehicles, for example,
people may look toward the norms of important reference groups, and those reference
groups need to be identified in further studies.

Further, almost all papers included in this review measured attitudes; however,
identifying attitudes is just the first step in predicting people’s behavior in the future,
according to the attitudinal behavioral theory (Fishbein and Ajzen 2010). Not all
attitudes have a similar influence on behavior. For example, positive attitudes are
more likely to guide future behavior (use of ethanol) if they are based on experience
(actual driving of a car with ethanol) (Fazio and Zanna 1981; Wegener and Kelley
2008) or when people are constantly reminded of the issue (Fazio 1995). Thus,
identification and classification of positive and negative attitudes will be key for guiding
the behavior of each stakeholder group involved in the bioenergy industry.

The systematic literature review of previous studies points in one direction —toward

stakeholder perception measured through surveys and focus groups — to reveal that
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bioenergy or biomass-based energy score low to moderate in stakeholder’s cognition,
and this difference is highlighted when compared to other renewable energy sources
such as solar, wind, or hydropower energy. Penetration of these other sources of
energy into the market for a long time, as well as media reports on biomass-based
energy (notion of bioenergy placed within the context of climate change, carbon
footprint, depleting fossil fuel, forest cover, global warming, etc.) is perhaps
responsible for lack of knowledge and increasing consumer confusion. Nevertheless,
based on the studies cited in this work, educating the public about these issues is an
important precondition before achieving societal acceptance so that the renewable
energy targets can be met. Although education is key, it is important to keep in mind
that there are not enough real life examples to create a change in public attitude
towards bioenergy, because there are relatively few opportunities to support
bioenergy or to have a direct experience with bioenergy (either for heating homes or
use in cars), and thus, there is not enough information to create a change in public
thinking. Thus, creating a simple and consistent message without too many complex
related issues is key to increasing public acceptance as the bioenergy industry moves
towards growth and commercialization.

In this respect, the first challenge to overcome is to find a location for a project that
can exploit the benefits from the project (Raven et al. 2007). The found location should
be followed by a collaborative articulation of benefits and risks to stakeholders by
bringing together the local community, industry, non-government organizations, local

government officials, etc. in the same forum. These processes will help in facilitating

36



early stakeholder involvement in projects and in creating a clear structure of
expectations and communication of these benefits and risks. Raven et al. (2007) also
discuss that different technologies and projects will have different key stakeholders
with different needs and concerns that will guide social acceptance. This result is also
true in the present findings. For example, this systematic review shows that each
stakeholder group and categories within stakeholder groups (students vs. local
communities) have varying awareness and understanding of factors that drive
success of bioenergy with respect to siting of plants and managing needs vis-a-vis
economic, environmental, and social issues. Thus, a one-size-fits-all model of
communication will not work. Greater efforts must be placed on early stakeholder
involvement and interactive communication with the target audience, particularly
opinion formers. Creating socially acceptable projects that are locally embedded,
provide local benefits, establish a continuity with existing physical, social and cognitive
structures, and apply suitable participation procedures will be the key to success for
the bioenergy industry.

The present systematic literature review found articles that show that as society looks
toward continued investment in bioenergy, public acceptance will be essential and
perception barriers should be accounted for in addition to the market infrastructures,

financial, regulatory, and institutional barriers.
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Limitations

Based on the results and discussions, we identify several gaps and limitations in

perception research:

e Lack of surveys of all stakeholder groups in the same study;

e Lack of pre-biofuel implementation surveys and dynamic analysis based on
measures and evaluation of the projects;

e Lack of focus on social impacts;

e Focus on bioenergy in general but less focus on specific product groups such as

bioenergy for pellets or biofuels for transportation.

Future Research

The above limitations and gaps could be successfully utilized in future research for a
more comprehensive understanding of the different stakeholder groups and the
general public. For example, perception studies should target different stakeholder
groups to get an overall understanding of all stakeholder groups. Venture capital firms
and investment firms did not show up in the present findings; however, they are an
important group of stakeholders who could help in the successful deployment of
commercial pilot plants and should be included in the future research on bioenergy
perceptions. There is a need to look at certification and labeling criteria for biomass—
based energy and how that can help at each level of the supply chain. In addition,
because bioenergy perceptions are formed based on media content and delivery,
another important area of research could be on bioenergy based media content and

informational content analysis (e.g., what is the biofuels media exactly covering).
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Additionally, while economic and ecological criteria are easy to measure, there is wide
variation in the nature of the social indicators of success of technology. Quantification
of social impacts of bioenergy such as ensuring equitable benefits and risks or
improved or depleted the quality of life are difficult, as well as vary based on region,
location or context of the study. Standardized indicators of social success criteria for
bioenergy by a participatory process of involvement of key decision makers at the
local level, could also be an important future research topic.

Based on the present methodology and the focus on peer-reviewed publications, the
present synthesis suffers from several constraints that are important to note. The
study did not include papers that targeted just renewable energy from any source
except the relevant ones, and documents prepared for workshops, proceedings, or
theses were not included in the group of included papers. Thus, the present analysis
may have missed some primary data collected in these documents. For example,
Segon et al. (2002) had some interesting findings of awareness of bioenergy and
biomass benefits using a survey of the general public in Croatia. However, this paper
was published by IEA Biomass Task 29 workshop and was not included in the present
work. In addition, papers that used two secondary datasets such as in Binder et al.

(2010) were not included due to the focus of the study on primary surveys.

CONCLUSIONS
A systematic analysis of the literature showed an increase in the number of

publications/articles focused on societal aspects of bioenergy, including discussions
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about bioenergy perceptions of key stakeholders. This growth is an indication that the
industry and the researchers recognize the importance of public acceptance and
knowledge about bioenergy for the commercial success of the industry. As the
technology and economics get better in the future, public perceptions will play a key
role in the commercialization and development of this industry.

Most of the published studies were in the US and Europe, but other geographical
regions such as Asia and Latin America are also focused on understanding public
perception of bioenergy. It was found that as a group, “consumers” were the most
frequently surveyed group. However, the number of respondents varied (24 to 1903)
across studies. There is a need for standardized methods to improve interpretability
and representation, which will improve the values of these studies.

In order for bioenergy to be successfully deployed, there is a strong need not only for
educational programs with information on proper management and ecological effects
of producing energy crops or harvesting (e.g., proposals to buy wood fuels should be
connected with information on ecological and silvicultural effects of wood fuel
harvesting), but also policies should be developed by dialogue and collaboration
between various government and institutional partners including local landowner
association. It is essential that costs are distributed along the supply chain, so that
producers do not have to bear the cost. In addition, if subsidies are provided, care
should be taken to not attract only subsidy sensitive adopters as they are less devoted

to products. Subsidies should be moderate, and extending the period of grants should
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be considered. If developed, certification schemes should be easy to follow, develop
energy wood market, and promote environmental friendly management practices.

Of all the stakeholder groups, forest and farm landowners are most hesitant to
participate in bioenergy programs; this is due to the lack of stable markets and
successful conversion technologies. However, interest from landowners and other
stakeholders is likely to be spurred by a successful small-scale demonstration. For
other stakeholder groups, education and targeting their specific needs will be key to

Success.
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CHAPTER 2

CONSUMERS’ PERCEPTION OF BIOENERGY IN NORTH CAROLINA AND
TENNESSEE

Robert Radics, Sudipta Dasmohapatra, and Stephen S. Kelley

A sample of consumers in North Carolina (NC) and Tennessee (TN) were surveyed
in the fall of 2013 and spring 2014 to examine their perceptions and concerns about
bioenergy. Approximately, 586 consumers completed the survey electronically (376
in NC, 210 in TN). The initial data was weighted to represent the adult population of
NC and TN. The respondents recognized solar and wind energy sources mostly as
renewable compared to all other energy sources including biomass-based energy.
Respondents reported that the price of biofuels and compatibility of biomass-based
fuels with their cars were the most important factors that influence their choice of
biofuels versus gasoline at a pump. Results show that the acceptance of bioenergy,
and specifically biofuels from the consumer’s perspective, depend on the extent of
knowledge and available information about the energy source. A principal component
analysis (PCA) of bioenergy statements indicate seven distinct dimensions of
consumer perceptions and attitudes towards bioenergy including bioenergy benefits
to society, risks of bioenergy use, government support for bioenergy, increase in food
cost, conditional use of trees as feedstocks, support for low-cost biofuel alternative
to current energy, and market attribute-based purchases. The findings from this study
highlight not only educational needs and outreach efforts but also reflects the need
for trustworthy channels of communication, helpful policy, market, and institutional

support for bioenergy success in NC and TN.
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INTRODUCTION

The 2007 Energy Independence and Security Act (EISA) mandates the production
and use of 36 billion gallons of bioethanol using renewable feedstocks by 2022. Of
this, 21 billion gallons is required to be produced from non-corn feedstock. The U.S.
Department of Energy has also highlighted the potential for production of other types
of bioproducts (e.g., chemicals) for a greener, low-carbon society (U.S. Department
of Energy 2011). The successful diffusion of technologies and acceptance of any new
product such as bio-ethanol/diesel or other bio-products, is not solely dependent on
its technical and economic advantages; societal acceptance and cultural dimensions
play an important role, if not the key indicator for a bioenergy product’s success in the
marketplace (Miller and Lewis 1991, Rochracher et al. 2004, Dwivedi and Alavalapati
2009, Pacini and Silveria 2010, Halder et al. 2011).

A standard method for assessing societal acceptance is through stakeholders’
perceptions of product performance, and their opinions of risks and opportunities in
the product’s use (Fry and Polonsky 2004, Rohracher et al. 2004, Johnston et al.
2013). In the last decade, many published studies have focused on stakeholder

perceptions of bioenergy and biofuels by understanding the attitudes and sometimes
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behavior of the stakeholders (Zarnikau 2003, Upreti and van der Horst 2004, Upham
and Shackley 2006, Upham et al. 2007, Wegener and Kelly 2008, Popp et al. 2009,
Scarpa and Willis 2010, Savvanidou et al. 2010, West et al. 2010, Zografakis et al.
2010, Qu et al. 2011, Zhang et al. 2011, Cacciatore et al. 2012, Halder et al. 2012,
Hassan et al. 2013.) Although a high percentage of these studies have an international
focus, they still provide extremely useful information about bioenergy acceptance and
stakeholder concerns, as this industry gains momentum across the globe.
Nevertheless, we postulate that the production of the biomass and fuels were local
activities, and hence, the most noticeable direct impacts will likely occur within a 100-
mile radius of a bio-refinery. Selfa et al. (2011) point out that the local impacts of corn
ethanol plants include issues like noticeable odors, and increases in air and water
emissions. Additionally the authors found that citizens favored bioenergy because it
lead to increased jobs for the community but were also concerned about the resulting
increased local traffic and potential for higher food prices. The findings from past
studies were discussed in the next section.

Key stakeholders within the bioenergy industry include the users or the general public,
the provider of feedstocks or landowners, industry representatives, government and
non-government organizations, investors, academics and researchers, and policy
makers, among others.

This study aims to understand the perceptions of the general public (a key stakeholder
for bioenergy growth) about bioenergy and specifically, biofuels, in the state of NC

and TN. These two states among themselves represent the Southeast US belt, which
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is considered to have the potential for producing almost 50% of the next generation of
biomass and biofuels according to the U.S. Department of Energy (U.S. Department
of Energy 2011). More than 45% of cellulosic feedstocks and 70% of the forest
biomass is produced in the Southeast U.S. (Dwivedi and Alavalapati 2009). The
opportunities for biomass production in the Southeast US were driven by the relatively
long growing season and abundance of rainfall, private land ownership patterns that
allow shorter transportation distances, and a strong history of community and
industrial support for farming and commercial forestry.

Most past studies on general public perceptions were either from outside of the US
(EU or Asia) or when domestic (US), have either a different product focus (general
green electricity or renewable electricity instead of biofuels or biomass-based energy,
which is the focus of this study) or narrow geographic focus (one locality or community
around a pilot plant or potential bioenergy plant) or conceptual focus (willingness to
pay or economic focus) or segment of general public (students in high school or
university). In essence, there were not many published studies that focus on the
general public’s perception of all four key themes of our study about biomass-based
energy in Southeast U.S. Most survey studies either tend to group renewable energy
sources together or tend to pose general queries specific to various renewable
technologies (Rochracher et al. 2004), thus, providing highly dispersed results,
indicating the need for a systematic studies that provide a better basis for strategies
to clarify the public acceptance, primarily addressing the two states in the Southeast

U.S.
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Past studies on Consumer’s Perception of Bioenergy and Biofuels

The desire to find sustainable and balanced solutions to energy production and use
that trade off environmental, economic, and energy security with social impacts have
amplified the interest in measuring stakeholder perceptions of bioenergy in the recent
years (Resch et al. 2008, Abt et al. 2010). Studies focused on the consumer attitudes
indicate a moderate to ambivalent support towards renewable energy including
biomass-based energy (Dwivedi and Alavalapati 2009, Aguilar and Cai 2010, Delshad
et al. 2010, Petrolia et al. 2010, Plate et al. 2010, Caccatiore et al. 2012, Mariasiu
2013). Most studies attribute the low acceptance and support for bio-based energy to
the lack of awareness and knowledge about this industry (Upreti and van der Horst
2004, Delshad et al. 2010, Plate et al. 2010, Pires 2012, Halder et al. 2013, Mariasu
2013).

Most of the support or risk perception for biomass-based energy is guided by
consumers’ perception of its impact on the environment or the society. For example,
citizens in some studies indicate that they would support bioenergy if it had a positive
environmental impact compared to fossil fuels (Hansla et al. 2008, Nyrud et al. 2008,
Qu et al. 2011, Hartmann and Apaolaza-lbanez 2012). In fact, the perceived
environmental attributes of biofuels were found to be a major factor in consumers’
choice of biomass-based fuels at gas stations (Delshad et al. 2010, Pires 2012). Other
studies found positive perception about renewable energy including biomass-based

energy to depend on social benefits such as jobs for the community (Zografakis et al.
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2010, Selfa et al. 2011, Caccatiore et al. 2012), national security (Petrolia et al. 2010,
Qu et al. 2011), and risks such as increase in pollution, noise, traffic, air (Upham and
Shackley 2007, Selfa et al. 2011), and threat to land availability for food production
and increased food price (Bunntrup et al. 2009, Skipper et al. 2009, Savvanidou et al.
2010).

Some studies on consumer perceptions of renewable energy or bioenergy compared
various biomass-based energy sources with that of other renewable sources. Nearly
all studies found that citizens were more willing to support and accept solar, wind and
hydro energy sources relative to biomass-based energy (Borcher et al. 2007, Dwivedi
and Alavalapati 2009, Aguilar and Cai 2010, Delshad et. al. 2010, Pires 2012). This is
in large part, due to the relatively recent introduction of bioenergy compared to the
other energy sources in the marketplace and the associated lack of knowledge and
understanding of biomass-based energy impacts on the society.

The type of feedstock used for producing biomass-based energy (particularly, fuels)
is also shown to have an impact on public support. Studies have found higher levels
of public support for energy produced from landfill wastes, wood waste, and grasses
and corn stover, while trees, genetically modified organisms (GMOs) were moderately
supported, and corn-based bioethanol has the lowest level of support (Delshad et. al.
2010, Pires 2012).

When asked about biomass-based fuels vs. gasoline choice at gas stations, the
convenience and availability of biofuels at most filling stations, the price of biofuels vs.

gasoline, and the compatibility of the car engine with biofuels were reported as
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important to consumers governing their choice of biofuels (Zarnikau, 2003, Upham et
al. 2007, Borchers et al. 2007, Wegener and Kelley 2008, Van de Velde et al. 2009,
Delshad et al. 2010, Halder et al. 2010, Savvanidou et al 2010, Qu et al. 2011, Halder
et al. 2011, Pires 2011, Raza and Singh 2011, Mariasu 2013).

Studies have found that demographics also play an important role in differing public
opinion on renewable energy. People with higher education and income tend to
support renewable energy investments (including biofuels) more than those with low
levels of education and income (Borchers et al. 2007, Aguilar and Cai 2010,
Cacciatore et al. 2012). A few studies have also found that women were more likely
to pay more for biomass-based energy than men (Aguilar and Cai 2010, Mariasiu
2013). Additionally, biofuel attitudes and support were reported to be affected by
political partisanship. For example, self-identified Republicans were reported as less
positive about biomass-based fuels and bioenergy than self-identified Democrats

(Cacciatore et al. 2012, Tompson et al. 2012).

OBJECTIVES

The goal of the study was to examine the general public’s understanding and
perceptions of bioenergy and biofuels in NC and TN. Specifically, this study focused
on the public concerns, support and risk evaluations of alternative bioenergy
feedstocks and biofuels (used for transportation), and included the economic,

environmental, social, and policy impacts of their production and use.
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MATERIALS AND METHODS

An electronic survey instrument was used to collect data from the general public in
NC and TN. The survey was designed using Qualtrics, an online survey software and
insight platform. The survey questions were constructed based on past studies on
consumer’s perception of bioenergy (studies mentioned in introduction section) and
vetted with project partners and experts (academia, extension, US Forest Service,
industry). Prior to the data collection, a pilot study was conducted to test the
effectiveness of the survey questions, check the questions’ wording, and the survey
length. A sample (n=34) of consumers responded to the pilot survey. Feedback from
the pilot test was used to refine the survey instrument. The final version of the
guestionnaire (Appendix A) contained five categories of questions, including
demographics, concerns regarding different environmental topics, energy sources,
feedstock preference, and bioenergy-relevant self-constructed 38-item agreement
guestion on four key aspects of bioenergy (economic, environment, social and policy).
In case of concerns and relative agreement type questions five-element Likert scale
was applied (1=strongly disagree and 5=strongly agree).

Approximately, two million email addresses for consumers in NC and TN were
obtained from a third party marketing agency in NC for the data collection. An
automatic email sender software was used for the survey distribution. Emails were
randomly chosen to be sent in batches of 10,000 per batch to consumers in TN and
NC in the fall of 2013 and early spring of 2014 (approximately 100,000 emails were

sent). Almost half of the email addresses were not valid (bounce-backs), and no
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specific data could be obtained from the number of emails received by the consumers,
thus making the exact response rate calculation difficult. The email contained a cover
letter with a link to the survey. The cover letter included a valid letterhead and
information about the importance of the study as well as incentive information for
completing the survey (entry into the raffle of $25.00 Home Depot gift cards). Three
weeks after the first email contact, consumers were sent a reminder to complete the
survey, and three weeks after the first reminder they were sent a second reminder
email to complete the survey following a modified version of Dillman et al.’s Tailored
Design Method (2008).

Data collected from the responses was adjusted (weighted) to reflect the
demographics of NC and TN based on the 2013 state census (Census Bureau 2014).
This weighting (using a procedure called raking) is designed to improve the
relationship between the sample and the population by fine-tuning the sampling
weights of the cases when more than one weighting parameter or variable is used
(Battaglia et al. 2004, Lavrakas 2008). The raking weighting method is similar to
iterative proportional fitting that adjusts a set of data in a stepwise process so that its
marginal totals match specified control totals on a specific set of variables (Battaglia
et al. 2004). Variables included in the raking procedure for weighting in this study
included age, gender, education and income of respondents.

Where applicable, for ordinal and interval level data, a significant difference between
perceptions of the general public in NC and TN was conducted using Students’ t-test

(at 0.05 level). The proportional difference between the groups (NC and TN) was
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performed using chi-square test of difference (at 0.05 level).

RESULTS

Response and Demographics

We received 586 completed questionnaires with 377 completed questionnaires from
NC and 209 responses from TN. Before the weighting adjustment described above,
non-response bias was measured between early and late responses based on
demographic and biofuel agreement statement variables using an independent
samples t-test (continuous variables) and the chi-square test (nominal variables). A
non-response bias analysis examines whether respondents of the study were different
from non-respondents. Past research has shown that non-respondents behave
similarly to the late respondents or respondents that respond after a reminder (Dillman
et al. 2008). Early respondents in this study were defined as those who responded
before any reminder was sent, and late respondents were defined as all those who
answered after the reminder was mailed. These tests revealed no significant
difference between the two respondent groups (early, n=405 vs. late, n=181) on any
variable.

In general, respondents were more educated, more white/Caucasian and older
compared to 2013 census data, especially in NC (Table 9). Thus, the responses were
weighted so that the results were more representative of the state’s population. The
raking procedure has been effectively used in data with small samples (as in this

study) providing very precise and unbiased estimates (Gelman 2007). The changes
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caused by raking to reflect the demographics of NC and TN were the largest where
the sample and the population demographics differed the greatest, e.g., the NC
population adjusted for education, and the TN age (65+). To reduce the larger weights,
the variables such as age and education were binned to a smaller number of
categories (instead of 7 age categories, we used only four age groups for age as
shown in Table 9). The mode for the weight was found to be 1.12 and extremely large
weights (~10) occurred only in 15% of the overall sample (minimum weight was 0.12.)

Table 9 Comparison of sample demographic and census data

NC TN 2013 Census

Demographics (%) 2013 Census (%) (%) (%)

n=377 9,848,000 n=209 6,496,000
Gender
Male 54 49 46 49
Female 46 51 54 51
Education
College 4 years and
above 67 27 31 24
Ethnicity
White/Caucasian 79 72 89 79
Black/African-
American 10 22 7 17
Age (years)
18-24 2 14 13 13.
25-44 27 36 55 35
45-64 53 35 31 35
65+ 18 16 1 17

Level of Concern about Energy, Economy, and the Environment
Respondents were asked to indicate their level of concern about selected energy,
economy, and environmental topics that impact bioenergy. The price of energy,

unemployment, and US dependence on foreign oil were most important for the
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respondents (Figure 3). Among the selected topics, the respondents were least
worried about greenhouse gas emissions and decreasing fossil reserves. The
relatively high variation in response was found (standard deviation of 1.5 and above)
on the topics of food price, global climate change, and greenhouse gas emission

showing strong divergence in perceptions of these issues.
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Figure 3 Level of Worry/Concern on Different Topics (mean) (n=586)

Between the two states, we found statistically significant differences in perceptions of
the general public. NC citizens were significantly more worried about climate change
(mean=3.2 for NC versus 2.9 for TN, p=0.03) and decreasing fossil energy reserves
(mean=3.2 for NC versus 2.9 for TN, p=0.02). TN citizens were significantly more
worried about U.S. dependence on foreign oil (p=0.003) and price of transportation

fuels (p=0.012) (mean=4.1 for TN versus 3.7 for NC for both attributes), the price of
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energy (mean=4.1 for TN versus 3.8 for NC, p=0.018)), and general unemployment

(mean=4.1 for TN versus 3.8 for NC, p=0.001).

Source of Energy Reported Renewable

0% 20% 40% 60% 80% 100%

Solar

Wind
Agricultural crops
Hydroelectric
Grasses
Trees

Tidal
Hydrogen
Geothermal
Nuclear
Natural Gas
Petroleum
Coal

RS
R
FRE
R
R
S
AR AN
S
RN RR R
S
SRR
R
PR

Renewable Not renewable

# Not sure Never heard about this energy source

Figure 4 Source of Energy Reported Renewable (n=561)

Respondents were given a list of a variety of energy sources and asked to indicate if
they were “renewable/non-renewable”. The respondents could indicate “not sure” or
‘never heard,” if those were appropriate alternatives. Somewhat surprisingly,
approximately, 17% and 20% of respondents, respectively, indicated that coal and
petroleum were “renewable”. Geothermal, tidal, trees and grasses, were ranked as
the least recognized energy sources. Similar to past studies (Borcher et al. 2007,

Dwivedi and Alavalapati 2009, Delshad et. al. 2010, Pires 2012), our results showed
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that more respondents recognized solar and wind energy as renewable than other
energy sources, especially when compared with biomass-based energy sources
(Figure 4).

Statistically significant difference was found between responses of consumers in NC
and TN. In TN, 46% of the population reported nuclear energy as renewable compared
to 27% in NC (p=0.000). Respondents from the two states also differed in their
perceptions of tidal power as renewable source (p=0.002, 58% in NC and 46% in TN
reporting this source as renewable) with as well as grasses as renewable energy
source (p=0.01, 64% reporting renewable in NC and 70% in TN.)

It is interesting to note that among the above sources of energy, over 40% of
respondents either hadn’t heard about the tidal source for energy or were not sure
about whether the source was renewable. Over 35% of people reported (and were
equally split) that trees were not renewable or were not sure that trees were

renewable, or they had never heard about trees as a source of energy.

62



Feedstock Awareness
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Figure 5 Willingness to Buy Biofuels (for transportation) Made from Different
Biomass Feedstocks (n=558)

Respondents were asked a series of questions to indicate if their willingness to
purchase transportation fuels based on various biomass sources. The willingness to
buy was used to indicate respondent approval for the energy source similar to other
studies (Borcher et al. 2007, Delshad et. al. 2010, Pires 2012). Figure 5 shows the
most accepted biofuel sources were crop residues, corn, agricultural crops, and
grasses followed by forest residues/trees. The least preferred sources for purchase
were genetically modified trees and crops, which is consistent with earlier studies
(Delshad et. al. 2010, Pires 2012). There appears a clear correlation between

willingness to purchase and awareness of the biomass feedstock. Among feedstock
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sources for energy, genetically modified trees and algae/duckweed were reported
most frequently as unheard of sources, followed by landfill wastes, forest and wood
products residues or trees, grasses and genetically modified crops.

No significant difference between NC and TN citizens’ feedstock preference
(willingness to purchase) was found except for algae/duckweed (NC=73% willing to
purchase and TN=83% willing to buy, p=0.017). We also found somewhat significant
difference i (p=0.055) in willingness to purchase for grasses with 86% respondents in
NC willing to purchase compared to 79% of respondents in TN. The lack of differences
between NC and TN for the grasses is surprising since TN has invested an estimated
$200 million, including $70 million of state funds, in deploying switchgrass as a biofuel
feedstock (Nair 2015). This TN investment is reportedly successful in engaging
farmers and has catalyzed the planting of more than 6,000 acres of switchgrass, but
our study shows that 21% of citizens were not willing to purchase grass sourced
bioenergy in TN (much higher than NC at 14% consumers not willing to purchase).
The following figure 6 shows NC and TN consumer awareness of different sources of
feedstocks. On average, NC consumers reported better awareness of most energy
sources compared to TN consumers except somewhat for wood residues and more
so for grasses perhaps due to the media above coverage and outreach on grass-

based energy.
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Figure 6 Percent of Consumers in NC and TN who were Unaware of Energy
Sources (n=558)

Importance of Factors in the choice of Biofuels for Transportation
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Figure 7 Importance of factors in the choice of biofuels for transportation (mean)
(n=542)
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When asked to report what factors would motivate their purchase of biomass-based
fuels at gas pump, consumers indicated price, vehicle compatibility and performance
as the most important factors (Figure 7). The opinion of friends and family was
reported to have the least influence on the respondents’ choice of biofuels at the
pump.

Respondents in TN consistently rated the higher importance of all the above factors
for the selection of biofuels at the pump compared to the NC respondents. The
difference was significant (p<0.05) for all factors except, “biofuel will not change the
lifetime of the engine”, “neighbors/colleagues opinion about biofuels”, and “raw

material used to produce biofuel.”

Relative Agreement Statements

Respondents were asked to indicate their relative agreement with 38 key bioenergy
statements; some statements measured awareness or knowledge and some
guestions measured perceptions and opinions. The statements were developed with
some on a positive and some on a negative scale and the order was randomized
across respondents to avoid any bias. Some statements were based on general
biomass-based energy products and others specifically focused on biofuels for
transportation. The top ten statements by mean ratings of the respondents for all
respondents, NC and TN respondents with the p-value for significant differences in

mean ratings (alpha =0.05) between NC and TN is shown in Table 10 below.
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Table 10 Mean ratings for bioenergy statements (Top ten rated statements)

Mean Ratings*

value**
Bioenergy Statements Overall NC TN (diffilr(e:n
- n=327 n=206 ce
(n=533) | ( )| ) and TN)
Before | would purchase biofuels, | would like
more information about how they would affect 4.22 4.02 4.51 0.000

my vehicle

| would like my local power provider to use
renewable fuel sources

| believe using landfill wastes could be a
valuable source of bioenergy

| believe that the investment in the biofuel
industry will create jobs

| believe that agricultural crops can be used for
producing biofuel

| believe biofuel refineries in my region could
provide better employment opportunities

Using biofuels will reduce US dependence on
foreign oil

E-10 (10% ethanol) is currently blended with
most gasoline at gas stations

I would purchase biofuel if it improves the
power of my vehicle’s engine

I would support the cutting of trees for biofuels if
for each tree cut another was replanted
*Ratings were on a five-point agreement scale (1=strongly disagree to 5=strongly agree)
**Significant difference based on independent samples t-test (0.05 level of significance)

3.95 3.92 4.01 0.254

3.87 3.81 3.96 0.050

3.82 3.72 3.97 0.002

3.82 3.74 3.94 0.014

3.80 3.71 3.93 0.007

3.80 3.65 4.01 0.000

3.74 3.76 3.73 0.737

3.67 3.63 3.71 0.374

3.64 3.59 3.72 0.211

Overall, respondents gave highest rating to the statement “before | would purchase
biofuels, | would like more information about how they would affect my vehicle” (mean
=4.22) with a significant difference (p=0.000) between the respondents from the two
states. TN respondents rated the factor much higher (mean=4.51) compared to NC
respondents (mean=4.02). Respondents rated statements about local impacts more
than other benefits/risks; for example, job/employment benefits of bioenergy or
biofuels were estimated more than any of the other concepts such as environmental
impacts and pollution, economic impacts, and other social impacts. In addition,

respondents highly rated the use of renewable energy sources by the local provider
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(mean = 3.95). Other benefits of bioenergy that respondents rated high were
increased national security and improvement in vehicle engine power.

Among sources of biomass for energy, landfill wastes, and agricultural crops were
considered valuable sources for bioenergy more than trees, GM trees/crops,
forest/crop residues, and corn. With regards to trees, respondents agreed that they
would support cutting of trees only if another were replanted in its place (mean=3.64).
Table 11 shows the five “least agreed” with statements. “Government should subsidize

the production of biofuels,” “biofuels are not environmental friendly,” “Economics and
credibility in information from government,” were among the five least motivational
statements for respondents. More TN residents reported agreement (mean rating =
2.9) with a purchase of biofuels with a little premium over gasoline compared to

residents of NC (mean rating=2.6).

Table 11 Mean ratings of bioenergy statements (Bottom five rated statements)

Mean Ratings p-value*

Bioenergy Statements Overall NC TN (dlgfgrae:ge
(n=533) | (N=327) | (n=206) ™)

| believe that the government will provide me more
credible information about biofuels than the biofuel 2.53 2.47 2.62 0.197
industry
! trust the governmgnt to give me credible 256 256 256 0.977
information about biofuels
I Would_purchase blofgels even if it is a little more 269 259 285 0.022
expensive than gasoline
Biofuels are not enwronmentglly friendly (they take 282 278 291 0.109
more energy to make than it is worth)
| think the government should subsidize the 296 294 3.00 0.570
manufacturing of biofuels

*Ratings were on a five-point agreement scale (1=strongly disagree to 5=strongly agree)
**Significant difference based on independent samples t-test (0.05 level of significance)
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5.7 Principal Component Analysis

In order to understand if there were any key dimensions of respondents’ perceptions
and attitudes toward bioenergy, we used principal component analysis (PCA) on the
self-constructed agreement statements. A PCA is a multivariate statistical technique
used to reduce the number of dimensions of a dataset by finding statistically correlated
variables, while retaining as much as possible of the variation present in the dataset
(Jolliffe 2002). This reduction is obtained by transforming to a new set of variables,
called Principal Components, which were uncorrelated, and which were ordered so
that the first few retain most of the variation present in all of the original variables. The
Cronbach’s alpha is calculated for each dimension showing the level of internal
consistency of the variables. Alpha values of 0.50 and above were acceptable
(Peterson 1994).

PCA of the relative agreement statements resulted in seven principal components
(PC) or dimensions that explained 71.2% of the variation in the responses. These
seven items show the consumer broader attitudes toward bioenergy. The items
(variables) with low dimension loading (less than 0.50) were eliminated from the
analysis resulting in only 24 agreement statements that fit well with the dimensions.
These seven broad aspects of consumer attitudes toward bioenergy/biofuels were
compiled in Table 12 with the corresponding variables and loadings (all loading
greater than 0.50 were shown). The first dimension “Bioenergy Benefits to Society”

(alpha =0.89) identifies variables/ statements that indicate bioenergy benefit for
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national security, improvement in jobs and rural economy, and higher benefits than
risk of bioenergy use. The second dimension of bioenergy represented items that
show the “Risks of Bioenergy Use” (alpha =0.78). The dimension consists of
statements that reflect bioenergy use leading to negative environmental impact,
reduction in vehicle performance and increase in costs. The third dimension
“Government Support for Bioenergy” includes three items (alpha =0.80) that measure
government support required for research and production of bioenergy as well as a
source of information. The next dimension shows the competition of fuel vs. food in
the society. This dimension measures “Increase in Food Cost” due to biofuel
production (alpha = 0.87). The fifth dimension shows some imperative reasoning
behind acceptance of trees as feedstock sources. This dimension is labeled
“Conditional Use of Trees as Feedstocks” (alpha =0.69), including items such as
support to cut trees only if it significantly reduced oil imports or if the cut tree were to
be replaced by another. The next PC is supporting biofuels if it was lower in cost
compared to gasoline or electricity. This dimension “Support Low-Cost Biofuel
Alternative to Current Energy” has an alpha of 0.50. The last dimension (“Market
Attribute-Based Purchase, alpha =0.58) includes consumer perception about biofuel
purchase only if the common market attributes (price, availability and product

performance) were satisfied.
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Table 12 Key dimensions of consumers’ bioenergy perception * (n=586)

Key Dimensions and Items andlng_s on
Dimensions

Bioenergy Benefits to Society (PC1) Alpha=0.89

| believe that investment in the biofuel industry will create 0.81

jobs

Using biofuels will reduce US dependence on foreign oil 0.77

We should produce biofuels to meet our country’s energy 0.76

demand

| think the biofuel industry will improve the rural economy 0.75

| believe biofuel refineries in my region could provide better 0.73

employment opportunities

| believe the biofuel industry will have more benefits than 0.66

risks for the society

Risks of Bioenergy Use (PC2) Alpha=0.78

| believe a biofuel facility in my local area will cause pollution 0.73

issues

Biofuels are not environmentally friendly (they take more 0.71

energy to make than it is worth)

| am concerned that using biofuels will lower my vehicle’s gas 0.66

mileage

| believe our taxes will rise if we produce and use biofuels at 0.62

a large scale

| would not purchase biofuels because they might be bad for 0.62

my car engine

Government Support for Bioenergy (PC3) Alpha=0.80

| trust the government to give me credible information about 0.81

biofuels

| think the government should subsidize the manufacturing of 0.74

biofuels

| think the government should invest more in bioenergy 0.64

research and production

Increase in Food Cost (PC4) Alpha=0.87

| think biofuels will cause food to be more expensive 0.84

| think biofuels made from corn will cause food to be more 0.81

expensive

Conditional Use of Trees as Feedstocks (PC5) Alpha=0.69

I would support the cutting of trees for biofuels if it 0.84

significantly reduces oil imports into the US

| would support the cutting of trees for biofuels if for each tree 0.77

cut another was replanted

71



Table 12 continued

Support Low Cost Biofuel Alternative to Current Energy Alpha=0.50
(PC6)

I would only choose biofuels if they are lower in price than 0.77
gasoline

I would purchase biofuels even if it is a little more expensive -0.66
than gasoline

I would not like my local power provider to use renewable 0.58
fuels sources if it costs me more money

Market Attribute-Based Purchase (PC7) Alpha=0.58
I would only purchase biofuels if they were the same price as 0.80
gasoline

| would only purchase biofuels if they were available at most 0.66

or all gas stations

| would purchase biofuel if it improves the power of my 0.63
vehicle’s engine

*Variation explained = 71.2%, Rotated components using Varimax, Rotation
converged in 8 iterations, Kaiser-Myer-Olkin measure of sampling adequacy = 0.86,
Bartlett’s test of sphericity = 0.000.

5.8 Responses for an Open-ended Question

Respondents were asked to indicate any comments or concerns they may have about
the bioenergy industry or biofuel industry. About 187 respondents completed this
open-ended question. Responses to the open-ended question were varied, almost
half of the respondents were not supportive of the bioenergy industry. People cited
reasons such as higher costs of production, competition for land for food, reliance on
tax subsidies, unintended environmental impacts such as air, water pollution, etc.
Most people indicated support for other renewable energy sources such as wind, solar
and hydropower as compared to biomass-based energy. Almost 30% of respondents
who responded to the open-ended question were concerned about biofuel negatively

affecting their vehicle performance (including support for bioenergy only if it is proven
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that there is no negative impact on the engines.) Approximately 20% of individuals
indicated their support to bioenergy industry with half indicating support conditional
upon no subsidies available and allowing a free market where biofuels compete with
gasoline and other energy products. Surprisingly, only 5% of open-ended comments
from were about bioenergy leading to reduced dependence on foreign oil and national
security improvement with the use of bioenergy, which was found to be a major driver
of public support in past studies (Dwivedi and Alavalapati 2009; Delshad et al. 2010).
Approximately, a quarter of respondents acknowledged that they didn't have any
information about bioenergy and would like to get more information about its
economics, use and performance effects on vehicle, its environmental impacts, as
well as its competition with food products. Some examples were indicated in table 13.

Table 13 some example of comments

“I think if it is cheaper than gas and your car runs the same, people will buy it.”

“I have older cars. 10% Ethanol is all they can handle without damage. Using corn
increases food prices.”

“‘We have oil. A lot of oil. Drill it and use it! Sell it to the world.”

“Need to reduce the dependence on oil and carbon emitting fuels or future
generations will suffer.”

“Keep the government out of the biofuels business. Let the market make its own
case.”

“Great ideas for wind, solar, biodiesel: will reduce need for Arab oil.”

“Education is key for the understanding of what this process is about and why it is
necessary for the US.”

“l strongly oppose taking up land used for agricultural purposes to grow biofuel. |
support using waste and non-food plants (but not trees we need them to pull CO2
from the atmosphere).”
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Sources of Bioenergy Information

0% 10% 20% 30% 40% 50% 60%

Radio or Television

Magazines or Newspapers

Utility Companies

| am not interested in energy

Non-Profit Organizations (Website or On-Site)

Government Websites

Other

Figure 8 Information Sources used by the Respondents (n=586)

Most of the respondents reported using more than one information source when they
indicated having heard or received any information on bioenergy (Figure 8). Radio
and television was reported as the top ranked source for information on bioenergy
(used 56.1% of the time to get information.) Magazines and newspapers were the
second most important channels (42.8%) for bioenergy information followed by utility
companies (25.5% of all sources). Governmental websites were the least commonly

used sources of information for bioenergy information.

DISCUSSION AND CONCLUSIONS
The analysis of consumer data from NC and TN shows that the general public varies
widely in their understanding and knowledge about biomass-based energy and

biofuels (for transportation) among the general public. Results of our study shows
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consumers considering various aspects of bioenergy including impacts on society,
environment, costs, land use and competitive products (mostly food), and vehicle
compatibility with biofuels that will guide their support toward biofuels industry in the
future.

Most consumers were worried about the price of energy over the price of fuels,
unemployment, national security, and other critical environmental issues. This finding
is consistent with another study that reported people citing energy issues as important
more often that gas prices and environmental issues (Tompson et al. 2012). Other
past studies have also identified these same concerns, although the ranking of these
problems varies among these studies (Resch et al. 2008, Abt et al. 2010, Halder et al.
2010). For example, Plate et al. (2010) showed that environmental impacts were more
important to consumers than local economy and jobs for bioenergy projects.

Among biomass sources, landfill wastes, agricultural crops, and trees were
considered acceptable to consumers. However, consumers reported that they would
support trees as feedstocks if they were replaced with another tree. This finding is
consistent with the findings by Plate et al. (2010) that a loss of forest/wood was the
most important factor among a number of concerns and beliefs in wood-to-energy
projects.

Respondents recognized solar, and wind energy sources as the most “renewable”
energy sources compared to all other energy sources including biomass-based
energy consistent with past studies (Borcher et al. 2007, Delshad et. al. 2010,

Savvanidou et al. 2010, Pires 2012). These results were not surprising given that the
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focus on bioenergy is recent whereas tidal, wind and solar technology research have
been prevalent in large-scale commercial projects for the last couple of decades.
Researchers also report that respondents tend to over-estimate the current potential
of renewable energy sources such as solar power to meet rising demands for energy
(Plate et al. 2010). Although bioenergy was less well recognized than solar or wind in
our study, respondents indicated a strong preference for specific biomass feedstocks
with crop residues, corn, agricultural crops, and grasses and more preferred. The least
preferred biomass sources were the genetically modified crops and trees, and algae.
In earlier studies, corn-based ethanol was found to be a less preferred feedstock
(Delshad et. al. 2010, Pires 2012) whereas, respondents in our study ranked it second
in their willingness to purchase bioenergy from corn. This may be because corn-based
bioenergy is the prevalent source in the market today.

Our study shows that consumers were seeking more information and specifically
information on biofuels’ compatibility with their vehicle. Developing credible
educational tools and an effective dissemination strategy could increase the
acceptance of biofuels,

Interestingly, analysis of open-ended questions where the consumers indicated their
concerns or comments about bioenergy showed opposition to bioenergy related to
mostly risks and skepticism about bioenergy impacts on environmental and social
well-being and reliance on subsidies. Most notably, the results of this study point out
that a quarter of respondents were aware that they do not know much about the

bioenergy industry and were interested in learning more. Past studies have shown
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that consumers were more curious and interested than skeptical or fearful about
biomass-based energy (Plate et al. 2010). Consistent with prior work (Rochracher et
al. 2004, Mccormick 2010) these results show that the acceptance of bioenergy, and
specifically biofuels, will depend on the extent of knowledge and information available
about production, economics, environment issues, social impacts, etc. There is no
doubt that there is a significant lack of information about bioenergy as well as biofuels
especially to the general public as showcased in earlier studies (Savvanidou et al.
2010). However, because of the multifaceted way in which the word “bioenergy” is
used in the media as well as in research, the public is bound to have difficulty in
understanding this concept. Bioenergy debate encompasses many areas including
efficient resource use, climate change, carbon footprint, decrease in forest cover,
sustainable development, food vs. fuel debate, etc. making it even more confusing for
consumers to comprehend (Rochracher et al. 2004). In addition, it is well known that
media content and channel on bioenergy has a significant impact on consumers’
opinion formation (Caccatiore 2012). National ad campaigns, the traditional press,
local and national farm groups and NASCAR racecars all provide somewhat different
views of biofuels. Thus, if the industry and government machinery wants the bioenergy
technologies to be acceptable in the marketplace, they need to have a consistent and
simpler message delivered through appropriate media channels to the end
users/public. In addition, it is not only the channels and the message that is important,
the interest about bioenergy from consumers may also be affected by how the

informational materials were presented to this audience (Zarnikau 2003). It will also
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be useful if a deeper understanding is developed about any groups or segments of
the population that have varying opinion in order to target these segments using
appropriate messages and media content that would increase their knowledge and
understanding of the bioenergy context (Plate et al. 2010, West et al. 2010, Zhang et
al. 2011).

Channels for dissemination of information should be largely those that garner public
trust. Some of the findings of this study show that people were concerned about the
government being a credible source of information. This negative connotation with the
word “government” is nothing new and is shown to be ranked lower than other sources
of information (van der Horst 2002, Plate et al. 2010). Local sources (extension
agents, foresters) as well as local utility companies, environmental groups were
considered more trustworthy compared to what is title “government,” newspapers, and
online channels and should be used for information dissemination as much as
possible (Plate et al. 2010, Tompson et al. 2012). In addition, collaboration with
environmental organizations and academia for outreach is also key to successful
information spread to the general public. As we look towards appropriate messaging
of bioenergy information for the general public, it is important that information
providers move away from rather formalized way of framing the concept (whether from
government, local extension agents or non-government organizations) and move
towards small successful case studies. For example, the technology can be
showcased with a small-scale bioenergy project with the focus on local and regional

benefits such as employment, agricultural diversification, and sense of contributing
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positively to tackling climate change. The respondents support bioenergy local impacts
such as jobs/employment and use of renewable resources with local power provider
along with other important factors such as national security, vehicle compatibility with
biofuels, etc. Biomass energy production is an ideal candidate for decentralized
production at the local and rural level (Gerber 2008) and can fit well if the production
takes into consideration the local community opinion and participation.

Another area that will help clarify the confusion and information around bioenergy is
on certification and labeling schemes of products and processes. Certification
provides standardized information to buyers about product characteristics that will
make it simpler to disseminate the messaging to the general public. Of course, who
provides the certification and what kind of criteria is applicable to bioenergy products
along with indicators and costs (who bears the cost) will be important in this
development process.

Our findings on bioenergy statements also show that respondents agree with vehicle
compatibility of with biofuels (for transportation) more than any other factors. Although
we found that citizens in SE US were concerned about fuel compatibility with their
vehicles, other studies in Europe show that about 80% of consumer were willing to
use biofuels in their cars and 45% were also willing to pay a little premium for the
current fuel cost for the use of biofuels (Savvanidou et al. 2010).

We find that environmental issues were not identified as most important to bioenergy
choice or support. Respondents agreed that bioenergy is environmentally better than

gasoline, but they rated these environmental impact statements lower than other
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statements. Selfa et al. (2011) also showed that the local community or general public
cared about economic benefits, traffic, and resource competition but were not
concerned about any environmental attributes when making decisions about support
of local bioenergy projects.

This study showed that TN citizens consistently rated characteristics higher than the
citizens of NC. NC consumers were found to be more concerned about climate change
and biofuel concern on the environment whereas, TN residents were significantly
more worried about U.S. dependence on foreign oil and price of transportation fuels
and energy. On average, NC consumers reported better awareness of most energy
sources compared to TN consumers except somewhat for wood residues and more
so for grasses. We found a rather significant difference in willingness to purchase for
grass-based feedstock with 86% respondents in NC willing to purchase compared to
79% of respondents in TN. As indicated earlier, the lack of differences between NC
and TN perception of grass as an energy source is surprising because of significant
investment by TN in deploying switchgrass as a biofuel feedstock (Nair 2015). In TN,
46% of the population in TN reported nuclear energy as renewable compared to 27%
in NC. It could be that more exposure to nuclear power plants in the vicinity could lead
to differing knowledge level between citizens of the two states (e.g., NC has four
nuclear power plants, TN has two).

There were some inherent constraints of our data collection. The generalization of the
results to southeastern U.S. is limited by the fact that only two states (NC and TN)

were sampled, and there were significant differences between these states on some
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bioenergy aspects. So, while the results provide a useful look at how citizens in the
two states that were of economic and political relevance to the SE region form opinions
about bioenergy, it is important to note that these findings may not be applicable to all
states in the Southeast or for citizens across other regions of the U.S. A second
limitation concerns the use of weighting to weight the data to represent the two states.
Although weights has been used successfully to make inferences to a larger
population in various studies including for the Census data, it is to be noted that when
one sample is considered to have a slight or a vast weight, it reduces the overall
precision of the estimates which translates into increase in variance of the estimates
(Lavrakas 2008). To correct for the precision, we used the raking method that has the
advantage of working well with smaller samples and also with reducing the variance
of the estimates (Battaglia et al. 2004, Lavrakas 2008). We also used smaller binned
categories to constrain the inflation of the weighting estimates in our data.

While this study has identified some key attitudes and opinion dynamics around
bioenergy and biofuels, future research will need to examine a number of additional
issues to arrive at a more comprehensive understanding of attitude formation around
bioenergy. As indicated earlier, given varying responses from consumers, we believe
a segmentation of consumers or the general public (as shown by Van de Velde 2009)
will be helpful in garnering a deeper understanding of how different the risk and
opportunity perceptions were so that targeted strategies can be employed for

messaging and reaching each unique segment.
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It is important to explore the complex dynamics between particular stakeholders.
Bioenergy has a significant impact on consumers, farmers, forest landowners,
industry, NGOs, local communities and these stakeholders do not all benefit in the
same way and at times these interests may be opposed. Thus, data on the other
stakeholders will improve the overall understanding of different facets of the informed
and uninformed public about bioenergy. Additionally, as indicated above, a content
analysis of the media on the bioenergy based discussion and buzz will show what
content is being delivered, in which channels and how people form attitudes based on
that. Future research could include examining and identifying segments of consumers
that may differ in their perceptions of bioenergy, examining a structured bioenergy
certification criteria and standards for bioenergy products and processes which can

ultimately lead to a competitive and sustainable bioenergy market.
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CHAPTER 3

USE OF MULTI-ATTRIBUTE DECISION SUPPORT SYSTEM TO COMPARE THE
SOCIAL, ENVIRONMENTAL, AND ECONOMIC IMPACTS OF USING WOODY
FEEDSTOCKS FOR PELLET PRODUCTION

Robert Radics, Sudipta Dasmohapatra, and Stephen S. Kelley

A Multi-Attribute Decision Support System (MADSS) was used to analyze woody
feedstock alternatives — naturally regenerated hardwood, plantation pine, and
plantation poplar - for pellet production using a combination of social, environmental,
and economic sustainability criteria. The objective of this paper was to examine and
apply a qualitative decision tool to evaluate the impacts of different sustainability
indicators and the resulting trade-offs that need to be made to optimize these impacts.
Our work builds on the use of key sustainability indicators defined by McBride et al.
(2011) and Dale et al. (2013) for the evaluation of bioenergy alternative scenarios.
During the evaluation process of our example case, a team of experts used a nine-
element scale (highest=9, lowest=1) for scoring 35 key sustainability indicators for the
three production scenarios. The scores were used as inputs into the MADSS model
and the resulting analysis showed plantation pine to be the most sustainable in pellet
production (assuming similar technology, location, transportation, and logistics)
closely followed by natural hardwood. On environmental and social indicators, natural
hardwood performed better relative to plantation pine or plantation poplar. Economic
sustainability was better in plantation pine and plantation poplar, due in large part to
their higher growth rates compared to natural hardwood. Our results show the

potential for using highly productive plantations for bioenergy production (pellets in
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this case). In spite of some challenges, the use of a qualitative tool such as MADSS
allows the inclusion of social indicators that are difficult to quantify for evaluating
overall sustainability (Dale et al. 2013). We discuss challenges as well as opportunities
for using this tool within this paper.

Keywords: Multi-Attribute Decision Supporting System, Bioenergy, Sustainability,

Woody Biomass, Pellets

INTRODUCTION

Increase in the use of biomass for energy production to achieve a low-carbon
sustainable economy requires a better understanding of the economic, environmental
and social impacts across the forest products supply chain (Cambero and Sowlati
2014). Comparing the complex array of these sustainability impacts require good data,
a set of well-defined criteria/indicators and a carefully designed analytical framework
(Scott et al. 2012, Zanakis et al. 1998).

A wide variety of optimization methods, predictive models, and qualitative methods
have been developed and used in the past to address technical and economic,
environmental, political and legal, and social issues. The most popular among those
are the multi-objective methods of optimization which involves the simultaneous
optimization of several competing objectives while finding an optimum solution over a
feasible set of decisions (Deb 2009, Chase 2009, Marler and Arora 2004, Zitzler et al.
2004). There are two types of multi-objective methods- generating methods and
preference methods. In generating methods, objectives are not commonly prioritized;

if they are, they combined into one scalar objective or one objective is minimized or
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maximized while keeping other objectives constrained without taking into account the
preferences of decision makers (Marler and Arora 2004). While in preference
methods, decision makers specify goals and preferences and the optimum solutions
are generated as a weighted average of the objective functions around the goals or
through interactivity and continuous interface with the decision makers (Rangaiah
2008, Hakanen et al. 2006). The proponents of the preference methods indicate that
it is important to include stakeholders’ preferences when optimizing each of the
sustainability objective functions because of the conflicting concerns of economics,
environment and social issues that may dominate stakeholders’ goals. Jin (2005)
looked at first implementing multi-criteria decision analysis tools (MCDA) to explore
sustainability concepts to identify environmental metrics. Sengupta et al. (2008) used
a Monte-Carlo analysis optimization framework to determine the optimal configuration
in a chemical complex system using economic, energy, and environmental costs as
constraints.

Most of the tools in the forestry-based optimization literature consist of multi-criteria
decision tools. These multi-criteria decision tools have been applied to bioenergy
systems, to better understand the trade-off with alternative scenarios. Cambero and
Sowlati (2014) performed a comprehensive literature review of the environmental,
social, and economic optimization studies of the forest biomass supply chain. They
analyzed 54 assessment studies focused on forest supply chain. Of these 22 focused
on the economic impacts, and 28 on the environmental impacts. There were four

combined studies, and the social sustainability area was not assessed. Prior work has
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also focused on optimization of the forest supply chain (35 papers), with 28 studies
having a focus on economics. Only four of these optimization studies include a
combination of environmental and economic criteria, and only 3 included social,
environmental and economic criteria.

The past studies show that multi-criteria decision making process are useful when
there is a need for considering a large number of stakeholders with different
perspectives which is important when making social impact-based decisions as in the
case of bioenergy problems (Scott et al. 2012). Stakeholders’ participation has been
emphasized as key to the large-scale development of sustainable bioenergy systems
(Bucholcz et al. 2007) and their involvement is essential when considering the success
of bioenergy. These bioenergy systems are complex, require a large set of indicators
for different attributes, and include a large number of stakeholders with different values
and interests. Thus, multi-criteria decision-making processes are one way to collect
this very diverse array of attributes and stakeholders’ interests, and to improve the
understanding of the impacts and trade-offs for specific cases (Den Herder et al.
2012).

Scott et al. (2012) reviewed the multi criteria decision-making methods for bioenergy
systems (57 studies). The most frequently applied method was using one of a variety
of analytical algorithms for optimization (71.9%; 41 papers). Qualitative and/or
stakeholder interviews were used in seven studies (12.3%). At least one sustainability
attribute was addressed in twelve studies (14.1%). Alternative Multi-Criteria Analysis

(MCA) tools (Super Decisions, DecidelT, Decision Lab, and NAIADE) were reviewed
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and compared for their applicability for collecting and multi-stakeholder input into an
analysis of bioenergy systems (Buchholz et al. 2009). As expected these MCA tools
had strengths and weaknesses depending on the specific application. This analysis
concluded that the most important features for MCA were ‘criteria weighting and
ranking’, sensitivity analysis, and identifying features with large uncertainties. These
MCA tools have limited visualization options, which limits communication and
feedback.

Specific examples of the use of MCA tools includes an analysis of carbon dioxide
capture and storage based on stakeholder interviews (Shackley and McLahlan, 2006).
They identified subgroups that were business focused and environmental/society
focused and evaluated the impacts of weighting the stakeholders’ preferences. A MCA
study, based on expert and stakeholder interest groups, evaluated bioenergy
sustainability (Eghali et al. 2007). This sustainability framework highlights the need for
best practices with modeling, quality data and an assessment of uncertainty.

While there are a variety of alternatives for quantitative analysis of specific alternatives
when there is well developed data on the alternatives, there is also a need for
gualitative tools that can be used to provide an initial evaluation of complex
alternatives. In both cases the alternatives will have many attributes and input from a
wide variety of different stakeholders (Botanic 2008). But in the case of initial
evaluations there is likely to be missing or inaccurate data, qualitative attributes,
attributes with different units, and more highly varied input from stakeholders. In all

these decision making processes there are questions about the relative accuracy of
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the ‘data’, much of which is based on models, projections or extrapolations; subjective
or value-based judgements; data with inherently large natural variations; and external
interactions that can impact the ranking of the alternative cases being evaluated.
Recently, McBride et al. (2011) and Dale et al. (2013) developed a series of
environmental and socio-economic indicators that can be used for multi-attribute
decision-making processes for several alternative agriculture-based biomass
production systems. They subsequently developed Multi-Attribute Decision
Supporting System (MADSS) approach to analyze qualitative information regarding
different bioenergy feedstocks and makes them comparable to the supply chain
(Parish et al. 2015).

We will be using this qualitative tool in this paper to optimize the three sustainability
objectives in the case of bioenergy production. The case we focus on is that of the
production of wood pellet, primarily for the export market. The export market for wood
pellets have jumped from 8.5 to 120 PJ (from ~380,000 metric ton to 5,345,000 metric
ton) between 2000 and to 2010 (Lamers et al. 2012), and additional increases have
been projected in the coming decade. Wood pellet energy could contribute to a
sustainable, low-carbon economy if its environmental performance is better than the
alternative fossil energy, and if it is economically viable and socially accepted (Elghali

et al. 2007).
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OBJECTIVES

The goal of this paper was to demonstrate the use of the Multi Attribute Decision
Support System (MADSS) for an evaluation of the economic, environmental, and
social impacts of using three different feedstocks (plantation pine, plantation poplar,
and natural hardwood) for production of bioenergy pellets. The Plantation poplar to
pellet production is considered as a potential scenario because this production system
is still under development and there are very small pilot demonstrations but no large
scale commercial deployments. Thus, economic risks for this feedstock system is
taken into consideration when evaluating outputs. In addition to developing the use of
the indicators and tool, the tradeoffs between the different criteria for different

feedstock production cases are examined.

MATERIALS AND METHODS

Thirty five sustainability indicators were defined by McBride et al. (2011) and
Dale et al. (2013) in the MADSS qualitative model. The MADSS model runs in DEXi
4.0, a commercial software package. The DEXi model represents a decomposition of
a decision problem to sub-problems what are easier to resolve as subgroups. The
software can address many complex decision problems with multiple attributes,
gualitative reasoning, missing or inaccurate data. The software also has good
visualization capabilities that can be used for communication of intermediate and final

results of the model (Bohanec 2008).
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We adapted the MADSS model for optimizing the bioenergy pellets from the
three feedstocks. Similar to McBride et al. (2011), we used the Delphi method (Igbal
and Pipon-Young 2009) to solicit inputs from experts (in forestry silviculture,
production, processing, operations, supply chain, environmental management, water
and soil management, energy management, process control, economics, product
quality, and markets) from within the Integrated Southeastern Partnership for

Integrated Biomass Supply Systems (IBSS) team (http://www.se-ibss.org/). The

experts examined whether to use all 35 indicators and define each of the indicators
used to determine sustainability ad well as rated the indicators based on a nine-point
rating scale where 1= low/decreased to 9=high or increased for the three bioenergy
feedstock to pellet production scenarios.

The experts agreed on using 35 indicators but defined and categorized some
of the indicators differently based on the bioenergy use case (pellets). Once the
structure and the indicators were agreed upon, the group of experts individually scored
the indicators, using a 9-point scale, for the three different biomass production
systems and then finalized the scores (reached a concensus score for each indicator)
in group discussions. In contrast to the McBride et al. (2011) and Dale et al. (2013)
study where a 3-point scale was used, this study used a 9-point scale to better
differentiate the three alternative biomass production cases. In the evaluation, the
expert panel considered the entire pellet production process from feedstock
production to power generation and export, as shown in Figure 9. The expected

rotation length for plantation pine was assumed as 30 years, for plantation poplar was
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assumed as five years, and for natural hardwood was assumed as 80 years. We
assume that the feedstocks are grown in the same location and the amount of pellets
produced is the same for each scenario. The technology and transportation were also
assumed to be constant across the three feedstock-to-pellet systems. Plantation pine,
which is practiced on more than 30 million acres in the US, was defined as the base

case when the evaluation needed a comparison between feedstocks.

Nursery Thinning
Feedstqck Pelletization Transportation Productend
production use
Reforestation Harvesting
Site
preparation

Figure 9 Forest biomass supply chain process

Table 14 shows the system structure of indicators that the expert panel agreed on,
combined into corresponding subcategories, that are rolled up into the economic,

environmental and social attributes of sustainability as shown in Table 14.
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Table 14 Attributes, subcategories and indicators used

. Sub- .
Attributes Indicator
category
. Employment; number of local people hired
Social well- : - .
being Household income; ch_ange in dollars/year
Work days lost due to injury
> Energy security premium; decrease in risk of energy price
= Energy changes, macroeconomic losses
-% security Fuel price volatility; standard deviation of monthly fuel price
c changes over the year
] Depletion of non-renewable energy resources; change
) Resource - - - —2
S : Fossil energy return on investment (fossil EROI); ratio of
conservation ; .
2 fossil energy input of useful energy output
© . Public opinion on harvest; percent of favorable opinion
= Social - . . -
© . Public acceptance of using source of woody biomass;
o acceptability L . .
n opinion of harvesting for bioenergy
> External Terms of trade; price of export/price of import
= trade Trade volume; change
2 -% Return on investment (ROI)
g < Profitability Net present value (NPV)
g S Variability in annual profit
0
uLJ’ a Productivity | Productivity, yield; amount of biomass produced
> Soil quality Total orga_m? carbon (TOC); change_ _
= Bulk density; change, measure of soil compaction
Q Chemical inputs; overall change due to chemical use
© Water . — _
c uality  and Suspended sediment concentration in streams; change
S gu a nt)i/ty Consumptive water use
g Water flow; water availability for other purposes
0 . o
— Greenhouse CO2 equivalent emissions
[ gases
c Presence of taxa of special concern
) - : . .
c Biodiversity | Habitat area of taxa of special concern; change
c Risk of catastrophe; change in probability of catastrophe
_g Tropospheric 0zone emission
é Air quality Carbon monoxide emission
L Total particulate matter less than 2.5 um diameter (PM2.5)

Source: Adapted from McBride et al. (2011) and Dale et al. (2013)
Table 14 defines each of the indicators and shows the subcategory to which the
indicators were included in the model. The indicators were then input into a decision

tree within the DEXi software for the three feedstock pellet production scenario based
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on the MADSS model. The structure of the decision tree is shown in Figure 10. For
each of the three scenarios, each indicator was given a value on the 9-point scale
based on the consensus of the expert panel — this was done to examine variability in
the ratings and is different from the McBride et al. (2011) and Dale et al. (2013)
method. The 9-point scale was rolled up into three categories; 1-3 points were
gualitatively given a low/decreased category, 4-6 points were qualitatively rolled up
into a medium category and 7-9 points were given a value of high/increased category).
The three category rating score for sustainability is used to compare to the method
used by McBride et al. (2011) who use three categories to score their indicators and
categories of sustainability. Thus, each indicator received one of the three values
(high/medium/low) which was combined to indicate the value of the sub-categories
and sustainability attributes. Each indicator group on the same level (e.g., Taxa of
concern, Habitat area, and Risk of catastrophe) were aggregated to the next level of
subcategory (e.g. indicators that inform Biodiversity) to form the relevant utility table.
The rules of decisions were defined under the assumption that the same level of
indicators or subcategories had similar weights, and for achieving a higher level of
sustainability more indicators (>50%) should have higher sustainability values than
lower sustainability values. An example showing this rule for biodiversity sub category
(defined by the three indicators mentioned above) is shown in Figure 10. The first row
indicates that if the taxa of concern is decreasing, habitat area is decreasing and risk
of catastrophe is increasing then the overall biodiversity sub-category is low. Here we

assume that each of the three indicators have an equal weight on the overall
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biodiversity impact. If any of the three indicators was weighted more or less, that could
change the value of the biodiversity impact category. A utility table with all possible
end results based on the individual indicator values was calculated and is shown in
Appendix B. The tree structure was created by making the assumption that indicators
or subcategories on the same branch had the same weight of impact on the
sustainability attribute (e.g., Biodiversity and Greenhouse Gases had the same weight
of impact on Environmental Sustainability, or Ozone and Taxa of Concern had the
same weight of impact on Environmental Sustainability). Thus, the more were the
number of indicators on a subcategory or subcategories within an attribute, the lower
was the impact of the individual indicator on the subcategory or the subcategory on
the attribute. At any time, the indicators or attributes could be weighted more or less

than each other, but this additional level of complexity was not added in this paper.
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El-{E SUSTAINABILITY Taxa of concern Habitat area |Risk of catastrophe |Biodiversity
- ENVIRONMENTAL SUSTAINABILITY _1|Decreasing population  [Decreasing | Increasing less biodiversi
E‘ Environmental Outcomes 2|Decreasing population  |Decreasing  |No change less biodiversity
=-[= Biodiversity ] - - ; ; . y
3|Decreasing population  |Decreasing | Decreasing less biodiversity
4| Taxa of concern — - - : ——
‘ Habitat area _4|Decreasing population Mo change | Increasing less biodiversity
q Risk of catastrophe _5|Decreasing population Mo change  |No change less biodiversity
(- 4] Greenhouse Gases _6|Decreasing population  |No change | Decreasing some biodiversity
= Environmental Quality _7|Decreasing population |Increasing | Increasing less biodiversity
E-E Seil Quality _8|Decreasing population |Increasing  |No change some biodiversity
4 Soil Carbon 9|Decreasing population  |Increasing  |Decreasing some biodiversity
4] Soil Bulk Density —] - - o N
Hvdrol 10|Mo change Decreasing | Increasing less biodiversity
rolo —
; Che?n\j;lcal Tnput 11fMo change Decreasing | Mo change less biodiversity
‘ \Water Flow 12|Mo change Decreasing | Decreasing some biodiversity
4 suspended Sediment 13|Mo change Mo change  |Increasing less biodiversity
4] Consumptive water use 14|Ne change Mo change Mo change some biodiversity
B3 Air Quality 15N change Mo change  |Decreasing more biodiversity
q Ozone ) 16|Mo change Increasing  |Increasing some biodiversity
4 Carpon Monoside 17|Mo change Increasing Mo change more biodiversity
4| Particulate Matter — ; ; T
£ ECONOMIC SUSTAINABILITY 18|Mo change Increasing Decreasing more biodiversity
E-E Profitability 19|Increasing population | Decreasing | Increasing less biodiversity
ROI & NPY 20|Increasing population  |Decreasing Mo change some biodiversity
- variability 21|Increasing population  |Decreasing  |Decreasing some biodiversity
4] Met present value 22|Increasing population  |No change | Increasing some biodiversity
External Trade 23|Increasing population Mo change Mo change some biodiversity
| Terms of rade — § i § P
24| Increasing population  |MWo change | Decreasing more biodiversity
-4 Trade volume -] ; - ; : . "
_____ 4 Productivity E Increasing population | Increasing Increasing some biodiversity
5 SOCIAL SUSTAINABILITY 26|Increasing population  |Increasing  |No change more biodiversity
= Socal well -being 27|Increasing population | Increasing Decreasing more biodiversity

4| Work Days Lost

‘q Employment

4| Household Income

Resource Conservation

-¢| Depletion of non renewable energy sources
‘ Fossil energy return on invesment
Sodial Acceptability

-¢| Public Opinion

4| Market acceptance

Energy security

Q Energy security premium

Figure 10 Decision tree and utility table in DEXi

As indicated earlier, each indicator first received a score on the nine-point
sustainability scale. The model was also analyzed at the 9-element scale level without
rolling the ratings into three categories to show the variability in the rating scores
across the three sustainability attributes. Figure 11 shows the structure and
application of the sustainability scores. The given weights for all the indicators are the
same (value of 5 here but it could be 1), plantation pine feedstock for pellet production

is highest in fossil energy return on investment for social attributes. Similarly,
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plantation popular is higher value in employment and household income as well as in
public opinion and market acceptance for social attributes. The natural hardwood
feedstock is rated highest for resource conservation indicators as compared to
plantation pine and plantation poplar for social attribute category.

The second table shows the values for each of the subcategories as combined
from the corresponding indicators. Similarly the last table shows the overall
sustainability scores (based on the 9-element scale) for each of the feedstocks for
each sustainability metric (Figure 12). On environmental indicators, natural hardwood
received the highest score on sustainability compared to the other two feedstocks for
pellet production whereas, on economic indicators, plantation pine received the
highest score for sustainability. On social sustainability, plantation pine was scored
slightly more than plantation poplar, which was scored higher than natural hardwood.
Note that this difference may not be statistically significantly different (not enough data

points to calculate the difference).
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Sustainability score Sustainability score
Natural Plantation | Plantation | Natural .
Sub-Category Pine Poplar Weight |Categor " Weight
Hardwood gory Pine Poplar | Hardwood 9
Social well-being | Employment 6 2 s
Household income s 2 s | Social well- 6.0 6.7 3.7 5
Work days lost due to G 7 g bemg
injury
. Energy security
Energy security Sl 7 7 5 Ener
s e y 7.0 25 6.0 5
° security
P Fuel price volatility 7 5 5
P remree s s s s
a | conservation -
) ) 6.5 35 8.0 5
Fossil energy return conservation
on investment (fossil 8 8 5
EROI)
Socialacceptabilty | Public opinion s 3 s Social
- 5.0 8.0 5.0 5]
acceptability
Market acceptance 5 7 5
|External trade Terms of trade 5 5 5 EXte rnal
E 5.5 815 4.0 5
c Trade volume 6 3 s |trade
: A Eenmm 8 . s
o Net presentvalue S . A Profitability 7.3 4.0 6.3 5]
V)
m
5 Variabitty s 3 s
. Abovegroundigt
e ] ° : °_ |Productivity 9 g 2 J
Soil quality [‘:;“é)"'g*‘"" T 5 7 5 . )
Soil quality 5.0 5.0 6.0 5
Bulk density s s s
. ateraaltyand | Ghemicatinuts 2 9 s
n Suspended sediment
trat s s s ’
- ) \WEiTer GUELy 48 1.8 8.3 5
i and quantity
Water flow 5 8 5
r Consumptive water use
) (incorporates base 7 8 B
n flow)
M [ehouegmes | Q2 lent 2 . 5 |CEEiiEEe 5 5 8 5
e gases
g Presence of toa of s 5 S
Habitat area of taxa of 5 ® 5 o .
g Biodiversity 6.0 3.0 7.7 5
8 Risk of catastrophe 8 B B
|
e quality Tropospheric ozone s 8 s
Carbon monoside s 8 s Air quality 5.0 2.0 8.0 5
Total particulace matter
less than 2.5 ym 5 8 5
diameter (PM2.5)

Figure 11 Sustainability scores by feedstocks by categories and indicators on the

nine-element scale

Sustainability score

Attributes

Plantation
Pine

Plantation
Poplar

Natural
Hardwood

Weight

Social

6.13

5.17

5.67

Economic

5.94

5.17

4.11

Environmental

5.15

3.35

7.58

Total

sustainability

score

5.74

4.56

5.79

Figure 12 Sustainability attributes
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RESULTS

Sustainability attributes

The final output showing the results for the three sustainability attributes, e.g.,
economic, environmental and social, for the three individual bioenergy cases are
presented in Figures 13 and 14. In these graphical illustrations, the higher the numeric
score or closer to exterior boundary the attribute or indicator, the more “sustainable”
the attribute or indicator.

Figure 13 highlights the differences between the three feedstock cases for the three
sustainability attributes (economic, environmental and social). Plantation pine was
scored highest among all sustainability attributes. Natural hardwood was scored high
on environmental sustainability, and intermediate on social and economic
sustainability due to relatively low growth rates and long rotation length compared to
the plantation pine. Plantation Poplar was scored as low in environmental
sustainability due to more frequent chemical usage, and negative environmental
impacts of frequent harvesting. Plantation Poplar received intermediate scores on
economic and social sustainability. The fossil energy usage and the return on
investment for the current plantation poplar systems were rated higher than that for

natural hardwoods or plantation pine.
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Plantation Pine Plantation Poplar

ENVIRONMENTAL SUSTAINABILITY ENVIRONMENTAL SUSTAINABILITY

ECONOMIC SUSTAINABILITY SOCIAL SUSTAINABILITY ECONOMIC SUSTAINABILITY SOCIAL SUSTAINABILITY

Natural Hardwood

ENVIRONMENTAL SUSTAINABILITY

ECONOMIC SUSTAINABILITY SOCIAL SUSTAINABILITY

Figure 13 Sustainability attributes for the three feedstock systems based on the
three qualitative categories (high/medium/low sustainability scores

In case of the sustainability scores based on the nine-point sustainability rating scale
(shown in Figure 14), natural hardwood was scored the highest in overall
sustainability. In the nine-point scale the environmental sustainability scores for
natural hardwood performed significantly higher (7.58), than the plantation pine (5.15),
and plantation Poplar (3.35) and consequently had a higher contribution on overall
sustainability. The high environmental attribute value of hardwood was obtained
because of the high scores on water quality, greenhouse gases, biodiversity, and air
quality subcategories (8.3, 8.0, 8.7, and 8.0, respectively on the 9-point rating scale).
The low environmental sustainability attribute of plantation poplar was due to the low

values of water quality, biodiversity, and air quality subcategories (1.8, 2.0, and 2.0,
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respectively). The assumptions of low rotation length (and corresponding human
disturbance) and the forest management process including the frequency and volume
of chemical use and equipment use — led to the low rating of environmental quality
indicators. Social and economic attributes scores did not show large differences
among feedstock systems as the environmental attribute did.

The trade-offs between environmental and economic attributes are highlighted for
plantation poplar. The environmental attribute scores for are negatively impacted by
the frequency of human disturbances to the land, specifically chemical use during
establishment and equipment use during harvesting. The proposed poplar plantation
systems have much higher productivity (growth rates) scores but this is compensated
by factors such as much higher planting/investment costs, limited alternative markets

if the potential for bioenergy market is eliminated, and the associated risk with a new

technology.
Plantation Pine Plantation Poplar Natural Hardwood
Social
9
8
7
/]

A

Environmental Economic

Figure 14 Sustainability attributes for the three feedstock systems based on the
nine-point sustainability rating scale

105



Impacts on the Environmental Attribute

Figures 15 and 16 detail the differences between the feedstocks for the subcategories
that combine into the environmental attribute. These subcategories include,
biodiversity, air quality, hydrology, soil quality, and greenhouse gases. Based on these
five subcategories the environmental attributes for each feedstock create a pentagon,
where the area inside the pentagon reflected by the bold lines correspond to the

relative merits of the attribute; the larger the area inside the lines, the better the scores.

Plantation Pine Plantation Poplar

Biodiversity Biodiversity

Air Quality Greenhouse Gases

Greenhouse Gases Air Quality

Soil Quality Hydrology Soil Quality Hydrology
Natural Hardwood

Biodiversity

Greenhouse Gases Air Quality

Soil Quality Hydrology

Figure 15 Environmental sustainability indicators for the three feedstock systems
(based on the three qualitative categories (high/medium/low)
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The environmental sustainability scores according to the three categories as well as
based on the nine-point scale shows that natural hardwood feedstock system to
pellets was rated as the most sustainable, followed by plantation pine, and plantation
poplar. The high score for the environmental attributes of natural hardwood were a
result of the long rotation period (80 years) and limited chemical inputs and infrequent
harvesting which minimize the impacts on water and soil. The hardwood forests are
also expected to have the highest level of biodiversity compared to the other two forest
systems (poplar and pine plantations). The environmental attributes of plantation pine
received intermediate or medium sustainability rating, resulting from more frequent
chemical and equipment use generating intermediate values for the air quality, soil
quality, and greenhouse gas subcategories as explained previously. The relative
ranking of environmental sustainability of the three feedstocks is consistent with earlier
findings from a multi-attribute analysis that suggest more intensive forest management
practices lower the environmental sustainability of woody feedstocks (Werhahn-Mees

et al. 2011).
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Soil quality

Water quality and

Air quality quantity

Biodiversity Greenhouse gases

Figure 16 Environmental sustainability scores for the three feedstock systems based
on the nine-point rating scale

Impacts on Social Attributes

Figures 17 and 18 show the social attributes for the three feedstock in more detail.
Subcategories that combine into the social attribute include, energy security, resource
conservation, social acceptability, and social well-being. Based on these four
subcategories the social attributes for each feedstock is shown in the figures, where
the area inside the diamond corresponds to the relative merits of the attribute. Similar
to the figures shown before, the larger the area the, better the social sustainability
score.

Figure 17 presents social sustainability performance of feedstock using the three

categories (high/medium/low) and figure 18 shows the same performance using the
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nine-point rating scale. Plantation pine was scored to have the most positive social
attributes, with high (resource conservation, energy security) and intermediate (social
well-being, social acceptability) subcategory values. Natural hardwood was rated high
on resource conservation and energy security values, intermediate on social
acceptability, and rated low on social well-being due to the fewer jobs (not requiring
intensive management) and lower household income. Plantation poplar received a
high score on social well-being, and social acceptance indicators, intermediate score
on energy, and low score on resource conservation indicators. Specifically, the
resource conservation indicator received a very low score due to the relative high and
frequent fuel and chemical use. The rapid growth of poplar forest plantations impact
the social sustainability attributes in two ways: first, it increases employment and with
new harvesting methods is potentially safer for employees compared to existing
methods. The rapid growth of the plantation trees also provides some hedging against
some fluctuations in the economic cycle. The social acceptance with respect to

harvesting and use of the biomass for bioenergy is also scored high.
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Plantation Pine Plantation Poplar

Social Well-being Social Well-being

Resource Conservation Energy security Resource Conservation Energy security

Social Acceptability Social Acceptability

Natural Hardwood

Social Well-being

Resource Conservation s > Energy security

Social Acceptability

Figure 17 Social sustainability indicators for the three feedstock systems (based on
the three qualitative categories (high/medium/low)

In figure 18, the sustainability scores based on the 9-point scale showed similar
sustainability scores for social attributes for the three feedstocks as in the three
category scores. Plantation pine was scored as the best and plantation poplar and
natural hardwood were scored as poor performers on sustainability from a social
perspective. Instead of the four indicators, if employment and social acceptability were
the only two social indicators considered such as in some earlier multi attribute
assessment studies (Werhahn-Mees et al. 2011, Den Herder et al. 2012, Paivinen et
al. 2012), plantation poplar would be scored as the most socially sustainable

feedstock.
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Social well- being

Social

E .
acceptability nergy security

Resource
conservation

Figure 18 Social sustainability scores for the three feedstock systems based on the
nine-point rating scale

Economic sustainability attribute

Figures 19 and 20 show the differences between the feedstocks from an economic
point of view. Figure 20 presents economic performance evaluated using the three
categorical ratings. Plantation pine was the only feedstock that was not scored low on
any sustainability subcategories (profitability was high, productivity was intermediate,
and external trade was intermediate) and thus, it received the highest overall

economic sustainability score. Plantation poplar was rated low on economic
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sustainability scores as the experts viewed the profit value to be lower than the other
two feedstocks due to uncertain market for pellets for this feedstock. Natural hardwood
was rated the lowest on economic sustainability because of its low score on
productivity and intermediate score on external trade subcategory values. Figure 21

showed the same result on the nine point scale for sustainability.

Plantation Pine Plantation Poplar

External Trade External Trade

Productivity Profitability Productivity Profitability

Natural Hardwood

External Trade

Productivity Profitability

Figure 19 Economic sustainability indicators for the three feedstock systems (based
on the three qualitative categories (high/medium/low)
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External trade
9
8

Productivity Profitability

Figure 20 Economic sustainability scores for the three feedstock systems based on
the nine-point rating scale

DISCUSSION

The sustainability of plantation pine, plantation poplar, and natural hardwood
feedstocks for pellet production were compared within this case study. The impact of
sustainability varied for the three feedstock systems based on whether we examine
the economic, environmental, or social sustainability attributes. Pine plantations-
based pellets were scored high among all three feedstocks for their social
sustainability and their economic sustainability, however, natural hardwoods fared the
best on environmental sustainability attributes. The indicators were weighted similar
across the three sustainability attributes, however, if we consider the preference-

based methods of optimization where stakeholders set their goals of sustainability,
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given that each stakeholder group has a different focus on sustainability, tradeoffs will
have to be made among the indicators and weights of indicators have to be varied
resulting in entirely different results.

We found no difference between the results from the three-item scale (high, medium
low) and the nine-item sustainability rating scale, thus, indicating support for the
parsimonious (small item) scale. However, readers should be cautioned on putting too
much faith into this interpretation because the three-item categories were created by
combining the items from the nine-point scale. Additionally, the nine-item scales
produce visualizations that reveal more variability and clear interpretation than the
three-item scale.

The MADSS tool with the three-category rating as well as the nine-category rating
scale is a qualitative tool used to optimize the three sustainability attributes of
economics, environment and society. This type of qualitative tool has its greatest
advantage for categories and indicators when it is difficult to translate the indicator
impacts to quantitative figures to input into a mathematical optimization tool. This is
particularly true in the case of social indicators of sustainability which are difficult to
guantify (e.g., public opinion or acceptance). The graphical interface of the tool
supports the interpretation, comparison between scenarios and communication of the
findings. However, the tool has some implicit disadvantages such as less variability in
ratings and thus, qualitative measures, dependence on experts or a subset of

stakeholders that may bias results, and provide subjective results. Table 15
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summarizes the attributes of using a qualitative tool such as DEXi with MADSS and a

Quantitative decision support tool such as Linear Programming.

Table 15 A Comparison of the qualitative and quantitative Decision Supporting tools

Qualitative tool

Solve complex decision problems

Handle many attributes, many problems
Flexible, qualitative reasoning

Can be used in case of missing or inaccurate
data

Attributes with different measurement units are
comparable

Support group decision,
communication

Based on experts or stakeholders opinion (e.g.
Delphi method)

Use ranking/rating scales

Good graphical interface

Large variation in evaluations (subjective)

Can analyze tradeoffs

Can be used as a screening for quantitative
methods

discussions, and

Quantitative tool

Solve complex decision problems

Handle many attributes, many problems
Equations define the values

Quality of input data define the quality of the
results

Usually same measurement units are required

Inputs are collected, the results are provided by
mathematical algorithm
Based on the established algorithm

Multi-attribute optimization based on actual data
Limited graphical interface in most tools
Objective, repeatable results

Can analyze tradeoffs

CONCLUSIONS AND FUTURE WORK

We adapted the originally developed MADSS model by McBride et al. (2011) and Dale
et al. (2013) for the feedstock to pellet cases. The indicators, the structure, and the
utility tables were defined according to the specifics of the forest biomass supply
system and experts panel's knowledge. Although expert panel consisted of
representatives from various fields of the bioenergy supply chain, it should be noted
that qualitative data collection techniques such as what we used in this paper with a
limited expert panel may lead to variability in results in similar future studies.

Assumptions about bioenergy pellet markets have been made for plantation poplar
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although there are currently no commercial plants that produce this bioenergy product.
Although the assumptions have been made within reasonable limits, future studies
should use data from real on-the-ground cases when plantation poplar-based pellets
are a reality. Future studies could also look at developing sensitivity analysis for each
of the indicators and subcategories based on stakeholder preferences and their
impact on overall economic, environment and social sustainability determined. In other
words, the weights for the indicators as well as the subcategories could be modified
and the results of the higher or lower weights could be visualized on the impact
attributes. We used the 35 sustainability indicators used by McBride et al. (2011) and
Dale et al. (2013) for qualitative optimization. In future studies, a subset of these
indicators or new indicators could be developed and used that are relevant to the case

study.
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CHAPTER 4

USE OF LINEAR PROGRAMMING TO OPTIMIZE THE SOCIAL,
ENVIRONMENTAL, AND ECONOMIC IMPACTS OF USING WOODY
FEEDSTOCKS FOR PELLET PRODUCTION AND TORREFIED PELLET
PRODUCTION

Robert Radics, Sudipta Dasmohapatra, Stephen S. Kelley*

Linear programming was used to optimize the forest biomass supply chain for
bioenergy production. Sixteen different scenarios (combinations of feedstocks,
products, markets, and end use) were optimized for wood pellets and torrefied pellets
(also called black pellets) production in NC. Two different feedstocks (roundwood and
wood residues), two different products (white pellet, torrefied pellet), two markets
(domestic, international), and two end uses (power generation, heating) were
evaluated with the linear programming tool. The monetized social, environmental, and
economic impacts of these different alternatives were measured, and the trade-offs
analyzed. Using economic criteria alone, the optimization model showed that the best
solution was to use a combination of 70% roundwood and 30% forest residue
feedstock to produce black pellet sold for heating in the EU. The predicted $5.4 million
annual profit was generated by the high prices for power in the EU. Selected economic
and social benefits (profit, employment, and landowner payment) were monetized and
then included in the linear programming analysis. As anticipated, the inclusion of all

three benefits lead to a different optimized solution. For example, roundwood costs
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more than forest residue, but provides more jobs and landowner income, which offsets
the higher feedstock cost, resulting in higher overall benefits. In a second example,
black pellets produced from roundwood and sold to the EU market for heating was
found to be optimum. Black pellet was advantageous because of their higher energy
density, which reduced shipping (container ships for transportation) costs and
corresponding emissions across the transportation system. In addition, they required
more starting biomass per unit of final product, thus, providing local jobs and
landowner income. When the cost of carbon emissions were included at 12.8 $/ton of
carbon, the environmental benefits from black pellets compared to coal were found to
be significant, and the overall profit increased from $16.9 million to $25.4 million.
Keywords: Bioenergy, Linear Programming, Optimization, Sustainability, Woody
Biomass, Pellets, Torrefied Pellet

Contact information: Department of Forest Biomaterials, North Carolina State
University, Campus Box 8005, Raleigh, NC 27695, U.S.; *Corresponding author:

sskelley@ncsu.edu

INTRODUCTION

In the past decade, the advantages, opportunities, and potential costs of the growing
bioenergy industry has commanded considerable research and commercial
development. The technical feasibility, economic rationality, social and environmental
impacts of bioenergy processes have all been researched in some detail. Biomass for

bioenergy is often available in large amounts, can be produced locally, and is
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convenient for use in decentralized energy systems (Gerber 2008). In some
geographical regions, forest residues are available in large quantities and can be used
as a feedstock for valuable products (U.S. Department of Energy 2011).

Biomass for bioenergy has benefits as well as costs for the environment and society
(Scott et al. 2012).

The role of COz2 in climate change and the increasing demand for national energy
security including energy independence have put more emphasis on bioenergy (Abt
et al. 2010). Bioenergy is also reported to have the potential to shift global energy
systems towards sustainability (Resch et al. 2008). It is generally accepted as a
carbon neutral substitute for fossil energy, although the details of the biomass
production system and the specific location have to be critically examined to justify the
claim of carbon neutrality (Johnson 2009, Mathews 2008). Moreover, it is clear that
carbon emission and other environmental attributes such as water use or a loss of
biodiversity may be in conflict with one another.

When considering biomass for bioenergy, the concerns regarding socio-
environmental costs are even more prominent. In the case of forest biomass there is
increasing competition between feedstocks going into bioenergy production versus
the current forest products industry. There are also pressures from increased
harvesting, or the use of forest residues, due to their potential impacts on wildlife and
biodiversity. With agricultural biomass, the concerns center on direct competition for

the feedstock, e.g., corn, or indirect competition for high quality agricultural land. This
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competition can lead to increased food prices and social instability, particuarly in

developing countries (Brunntrup et al. 2009).

The increasing pressure on the biomass sources - especially in the forests — has

motivated a series of studies designed to better understand the tradeoffs between

economic, environmental, and social goals (Cambero and Sowlati 2014). Bioenergy

could lead to a low-carbon economy if it is shown to be economically viable,

environmentally better than fossil energy, and socially acceptable (Elghali et al. 2007).

To this end, Cambero and Sowlati (2014) conducted a literature review of the

environmental, social, and economic optimization studies of the forest biomass supply

chain by analyzing 54 individual studies. Figure 1 shows the classification of studies

of forest biomass supply chain.

Bi-objective
optimization (4)

Multiple
criteria
evaluation
projects (4) /
Tri-objective
planning (3)

Economic
Assessment/
Optimization

(22/28)

(@]

0/4
4/3

Social Environmental
Assessment/
Optimization

Assessment/ 0
Optimization
(0/0) (28/0)

Assessment:

Evaluate feasibility (5)
Compare feedstock
alternatives (4)
Compare preprocessing
alternatives (2)
Compare conversion
alternatives (7)
Compare product
alternatives (4)
Optimization:
Strategic planning (26)
Tactical planning (2)

Evaluate projects (8)
Compare feedstock
alternatives (14)
Compare conversion
alternatives (5)
Compare product
alternatives (1)

Figure 21 Classification of studies of forest biomass supply chain Source: Cambero
and Sowlati, 2014. Note: The number of studies in parenthesis (assessment /

optimization).
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Figure 21 indicates that very little available research and literature on optimizing the
social impacts of forest supply chain. Additionally, the impacts from the interaction
between the social and environmental attributes, or interaction between social and the
economic attributes have not been optimized. These authors suggest a need to
develop tools for the optimization of the social, environmental, and economic benefit
of the forest biomass supply chain. Based on their evaluation of the literature,
Cambero and Sowlati (2014) note that there is also a particular need for more detailed
analysis of the social impacts of forest bioenergy systems.

The tri-objective optimization studies generally use multi-objective mixed-integer
linear programming model, or multi-criteria approaches to linear programming (Cucek
et al. 2012, You et al. 2012, Saccheli et al. 2014). Socio-economic indicators, LCA
results (carbon footprint or greenhouse gasses), and costs are used in these
optimization models with carbon footprint used as the environmental indicator, and

number of jobs created as the social indicator.

Wood Pellets as Bioenergy

One of the popular commercial bioenergy product is wood pellets. The US pellet
production increased from 8.5 to 120 PJ (from ~380,000 metric ton to 5,345,000 metric
ton) between 2000 and to 2010 (Lamers et al. 2012), and the trend is expected to
continue in the next decade. The goals of wood pelletization (white pellets, hence
referred to as WP) include increasing biomass density and decreasing freight costs,

and is some cases to make the co-firing with coal, more reliable. Torrefied pellet (also
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called black pellet, hence referred as BP) production are being developed with the
goal of further increasing the energy density, reducing grinding energy, and to
eliminate the pellet’s sensitivity moisture (Bergmann 2005). While WP have an energy
density of 7.8-10.5 GJ/m3, the energy density of BP ranges between 14-18.5 GJ/m?.
Production of BP results in significant reduction in transcontinental freight costs, and
depending on the design and operation of the BP manufacturing plant, can

compensate the higher costs and increased demand for biomass feedstock.

OBJECTIVES

The goal of this work was to develop and apply a multi-criteria optimization framework
and tool to optimize social, environmental, and economic features of the forest
biomass supply chain that helps in bioenergy generation. A linear programming tool
was used to optimize key attributes of the bioenergy supply chain for pellet production.
In this case study the bioenergy feedstocks, products, markets, and end use were all
considered, along with their social, environmental, and economic attributes. Trade-

offs among the competing goals were studied.
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MATERIALS AND METHODS

The optimization process followed for the multi-criteria impacts is shown in Figure
22.

1. Map the process to optimize

v
2. Identify variables, make assumptions
v
3. Collect up-to-date data
v
4. Define linear programming problem
v

5. Calculate scenarios

v
6. Define objective function
v
7. Define equalities and inequalities
v
8. Inputs in linear programming software and run analysis
v

9. Check the results

v

10. Interpretation

Figure 22 Optimization process

A pellet manufacturing plant that can produce either WP or BP was included as the
case for optimization in this paper. We assume that the pelletizing machine capacity
limits the overall pellet production. Figure 23 shows the overall supply chain and the

two pellet production processes.
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Wood Wood Wood

Collection = | Transportation | Storage | Chipping | | Screening |

; Natural gas
Af Propane White pellet
Torrefaction without Dryer
Heat Combustion torrefaction
|_exchanger |___chamber
- Torrefaction _— .. Counterflow
- Pre-drying | reactor [T -+ Grinding | | Pelletizing | cooler
Electrostatic Sulfur
precipitator filters
Flue gas/Water vapor exhaust
Overseas Storage Transportation Pellet Screen
Transportation at port at port Storage
Off loading/ Combustion/

Transportation

Port storage Conversion

Figure 23 Forest biomass supply chain for White Pellets (WP) and Black Pellets
(BP) adapted from Pirraglia et al. 2010 and Pirraglia et al. 2012

The feasible size of a WP or BP biomass processing plant was defined with a
production capability of 75,000 tons/year. Data were collected about available forest
biomass including costs of the biomass, freight costs, sales prices, and social and
environmental impacts. Data sources such as previously published articles, interviews
with biomass industry players, and market databases were used (Qian and McDow
2013). The environmental and social impacts were monetized in the optimization
model using data from previous publications and existing market data (Fraas and
Lutter 2012, Hill et al 2009, Matthews and Lave 2000, Trasande et al. 2005).

The unfeasible alternatives were eliminated during data collection. Preliminary

limitations were based on legal compliance and profitability without focusing on
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negative externalities, but considering positive externalities. For the linear
programming optimization technique, the Matlab software was used.

Several assumptions were made before running the optimization model. We assumed
16 combinations of feedstock, process, market location and end use (Wood pellet or
torrefied wood pellet products were considered to be produced from forest residue or
roundwood, for heating or co-firing in coal power plants to the US or the EU). The
available forest residue feedstock was rationalized to be 30% of the total feedstock
used (474 Giga Btu’s/year). Torrefaction process was considered to decrease the
biomass by 30%, and was estimated to use 10% of the energy of the feedstock
(Bergmann 2005). The plant was assumed to be located in Eastern North Carolina,
with the port in Morehead City, and the EU port was assumed to be in Amsterdam.

Table 16 shows all the study assumptions in detail.
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Table 16 Summary of assumptions

Assumption

Basis of Assumption (Source)

Process

Energy density:
WP 11 GJ/m3 BP 16 GJ/m3
WP 14.89 MBtu/t; BP 18.96 MBtu/t

Bergmann 2005

Maximum capacity:

WP 1117 GBtu, or BP 1422 GBtu in any combination
up to 75,000 t/year defined by the pelletizing machinery
capacity

Pirraglia et al. 2010

Economic

Feedstock
Roundwood $36 /green ton delivered 45% moisture
Forest residue $24 /green ton delivered 45% moisture

Market information (RISI North American
Wood Fiber & Biomass market January
2015), investor interviews

Operation and depreciation

Bergman 2005, McDow 2013, investor
interviews

Freight 16.38 $/t

Wuehlisch 2011

Sales price US power 3.7 $/GJ; EU power 9.8 $/GJ;
EU heating 11.1 $/GJ

IRENA 2012 market prices

Environmental

Emissions

Pellet production and transportation

Magelli et al. 2009

Biomass combustion

US EPA emission includes wood residue

Costs

C0O212.78 $it

California Air Resources Board Data
10.15.2015

SOx 7004 $i/t

Matthews and Lave 2000

Mercury 25,700,000 $/t

Trasande et al. 2005

PM 3918 $/t

Fraas and Lutter 2012

Social

Landowner payment: 80% of feedstock costs

McDow 2013

Benefit from employment

Pirraglia et al. 2012

Multiplier of benefits (to credit additional benefits in the
region): employment =2.025, landowner payment =1.5.

Jeuck et al. 2015.

The economic calculations showing profit per MBtu for all sixteen combinations of

feedstocks, product, market and end-use is shown in Table 17. For the same sixteen

supply chain scenarios, Table 18 shows the results from monetization of economic,

environmental and social attributes. Figure 24 shows the objective functions (three

equations) and inequalities defined

in the

linear programming problem for

optimization. Matlab code for economic optimization is in Appendix C.
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Table 17. Economic calculation

Feedstock
$/MBtu Cor)sri)zlfui?d Technology
MBtu Total costs (OPEX
(7% feedstock and Total Sales price Profit
moisture) costs Depreciation) | Freight cost /MBTU /MBTU
1 | WP F. Residue US Power 3.02 3.02 3.02 0.54 6.58 7.60 1.02
2 | WP Roundwood US Power 4.53 453 3.02 0.54 8.08 7.60 -0.48
3 | BP F. Residue US Power 3.02 3.36 3.32 0.42 7.10 7.60 0.50
4 | BP Roundwood US Power 4.53 5.03 3.32 0.42 8.77 7.60 -1.17
5 | WP F. Residue EU Power 3.02 3.02 3.02 1.64 7.68 11.45 3.77
6 | WP Roundwood EU Power 4.53 4.53 3.02 1.64 9.18 11.45 2.27
7 | BP F. Residue EU Power 3.02 3.36 3.32 1.28 7.96 11.45 3.49
8 | BP Roundwood EU Power 4.53 5.03 3.32 1.28 9.63 11.45 1.82
9 | WP F. Residue US Heating 3.02 3.02 3.02 0.54 6.58 11.50 4,92
10 | WP Roundwood US Heating 4.53 4.53 3.02 0.54 8.08 11.50 3.42
11 | BP F. Residue US Heating 3.02 3.36 3.32 0.42 7.10 11.50 4.40
12 | BP Roundwood US Heating 4.53 5.03 3.32 0.42 8.77 11.50 2.73
13 | WP F. Residue EU Heating 3.02 3.02 3.02 1.64 7.68 12.92 5.24
14 | WP Roundwood EU Heating 4.53 4.53 3.02 1.64 9.18 12.92 3.74
15 | BP F. Residue EU Heating 3.02 3.36 3.32 1.28 7.96 12.92 4.96
16 | BP Roundwood EU Heating 4.53 5.03 3.32 1.28 9.63 12.92 3.29
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Table 18 Monetized economic, environmental, and social attributes

A B C D E F
Assumed
$/MBt Feedstock Product Economic Social Total environ- biomass Economic + Economic +
u
MBtu Energy benefits benefits mental carbon social social -
MBtu (profit) neutrality benefits Environmental
Fi Ei Pi Si Ent Eni Ei+Si Ei+Si-Eni
WP Forest Residue US Power F1 E1 1.02 8.42 1.51 0.37 9.44 7.93
WP Roundwood US Power F2 E> -0.48 10.29 1.51 0.37 9.81 8.29
BP Forest Residue US Power F1 Es 0.50 8.59 1.52 0.30 9.09 7.57
BP Roundwood US Power F2 Es -1.17 10.66 1.52 0.30 9.49 7.97
WP Forest Residue EU Power F1 Es 3.77 8.42 2.22 1.08 12.19 9.98
WP Roundwood EU Power F2 Es 2.27 10.29 2.22 1.08 12.56 10.34
BP Forest Residue EU Power F1 = 3.49 8.59 1.90 0.68 12.08 10.18
BP Roundwood EU Power Fa Es 1.82 10.66 1.90 0.68 12.48 10.58
WP Forest Residue US Heating F1 Eo 4.92 8.42 1.51 0.37 13.34 11.83
WP Roundwood US Heating Fa Eio 3.42 10.29 1.51 0.37 13.71 12.19
BP Forest Residue US Heating F1 En 4.40 8.59 1.52 0.30 12.99 11.47
BP Roundwood US Heating Fa Ei2 2.73 10.66 1.52 0.30 13.39 11.87
WP Forest Residue EU Heating F1 Eis 5.24 8.42 2.22 1.08 13.66 11.45
WP Roundwood EU Heating Fa E1s 3.74 10.29 2.22 1.08 14.03 11.81
BP Forest Residue EU Heating F1 Eis 4.96 8.59 1.90 0.68 13.55 11.65
BP Roundwood EU Heating F2 Eis 3.29 10.66 1.90 0.68 13.95 12.05

Note:

F1 Forest residue, F2 Roundwood
E1-E16 represents energy of pellet produced in different scenarios.
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Objective function: Maximize -->

Equation 1 - Economic

16
Profit = ZPL' * El
i=1

Equation 2 — Economic + Social

16
Profit + Social benefit = Z(Pi + Si) * Ei

i=1

Equation 3 — Economic + Social - Environmental

16

Profit + Social benefits — Environmental costs = Z(Pi + Si — Eni) x Ei
i=1

Constraints:

F1=E1+E3/.9+Es+E7/.9+E9+E11/.9+E13+E15/.9

Fo=E2+E4/.9+Ee+Es/.9+E10+E12/.9+E14+E16/.9

GBTU of WP= 1117GBTU /year --> E1+ E2 + Es + E¢ + Eg + E10 + E13 + E14 <=1117 GBTU
GBTU of BP + WP = 1422 GBTUlyear --> %.1°, Ei < 1422
Max 30% forest residue (GBTU) <= (30% of roundwood) --> F1<=0.3*(F2 + F1)<=474

Figure 24 Linear programming problem definition and optimization equations
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RESULTS AND DISCUSSION

The columns A, B and C in Table 18 provides a summary of all the input data for the
optimization. Table 18 is arranged to highlight the differences due to the 1) proposed
product (power vs heat), 2) geographic location of the “buyer” (US vs EU), 3) the fuel
type (WP vs BP), and 4) the biomass source (round wood vs forest residue).

Based on these different scenarios several general conclusions could be drawn. The
profit (sales price- (feedstock cost + operation and depreciation + freight cost)) range
from - 1.17 $/MBtu to 5.24 $/MBtu. The major drivers for the cost vary based on the
specific case. In general, biomass power had a lower financial return than biomass
heating, and this difference ranged between 1.47 and 3.90 $/MBtu. This is due to the
price premium offered for the heating market (IRENA 2012), although the volume for
power is many orders of magnitude larger. The EU power market consistently provides
a higher return than the US market due to the EU market subsidies. Looking only at
the EU markets, the white pellet had slightly (10%, 0.28-0.45 $/MBtu) better return
above black pellet, because the higher costs of black pellet production are mostly
offset by the higher energy density and lower shipping cost per MBtu of BP. In the US
markets, the white wood pellets provided a higher return due to their lower
manufacturing costs, and the limited cost advantage for transportation of the final
product. Finally, the lower cost forest residues provided a better return than
roundwood, although the volume of available forest residues may be limited. Note that

the potential differences in the ash content was not included in this initial analysis.
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As highlighted in Table 16, the social benefits were dictated by landowner payments
and the jobs created during the harvesting of the biomass. Thus the volume of
biomass consumed during the processing was the major driver for the social benefits
in this case study. The actual impacts differed by 1.95-2.06 $/MBtu for residues vs
roundwood, and the BP provided 0.17-0.35 $/MBtu more benefit than WP (Table 18,
column B). The market and the end use of the product had no influence on social
benefits in the considered region around the pellet mill. The model showed four
different social benefit values per MBtu of pellet produced. The WP production from
forest residue provided the lowest social benefit at 8.42 $/MBtu and the BP production
resulted in a slightly higher social benefit of 8.59 $/MBtu because of the 30% higher
feedstock demand in the pellet plant. WP production from roundwood accounted for
10.29 $/MBtu of social benefit, because of the higher landowner payment for
roundwood above forest residue. The highest social benefit of 10.66 $/MBtu was
achieved by BP from roundwood due to the higher landowner payment and higher
feedstock demand. The market and the end use of the product had no influence on

social benefits of the considered region around the pellet mill.

The results of integrating social and economic benefits together are presented in
Table 18, column E. Because feedstock costs accounted for a significant portion of
the end product value (50%), and hence, higher landowner payments, social benefits
were higher than economic benefits in all scenarios. The somewhat similar ranges of

social and economic benefits (-1.17 to 5.24 $/MBtu and 8.42-10.66 $/MBtu) made the
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aggregation and optimization useful. The need for higher feedstock amounts for BP
production resulting in higher landowner payments showed BP as more socio-
economically beneficial compared to when considering just economic benefits.
Additionally, roundwood feedstock became more advantageous than forest residue
socially, because of the higher landowner payment when roundwood feedstock was

used.

The environmental costs are determined by carbon accounting for 75-80 % of the
total environmental costs in all cases. The end use part of the supply chain accounted
for 75% of the total environmental costs from all emissions studied (CO2, SOx, PM,
Hg). The torrefaction process accounted for 7% of the total environmental costs.
Emissions from ocean transportation to EU accounted for 26% of the total
environmental burden for BP and 32% for WP.

The model reported four values for environmental costs, influenced by the market
(domestic or EU) from transportation emissions, and from the production process for
BP or WP (Table 18, column C). In the domestic market, BP and WP had similar
emission costs (1.52 $/MBtu and 1.51 $/MBtu, respectively) although from different
sources. While torrefaction caused significant environmental costs, the BP process
was credited by the lower emissions from drying and grinding. Compared to WP, the
BP transported to EU had a significant advantage in environmental costs (1.90 $/MBtu
for BP versus 2.22 $/MBtu for WP), due to the higher energy density of BP and thus

lower ocean transportation cost of energy.
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The feedstock and the end use variables had no effect on the environmental costs. In
Table 18 column D, biomass combustion was assumed to be carbon neutral, and due
to that assumption, environmental cost values were reduced ranging from 0.30 $/Mbtu
to 1.08 $/MBtu. Corresponding to that, the environmental cost advantage of BP above
WP increased (increased values ranged from 0.32 $/MBtu to 0.40 $/MBtu) due to the
eliminated environmental burden from the torrefaction carbon emission.

When economic benefits, social benefits and environmental costs were considered
together, the rank of the 16 combinations remained the same as that of the economic
and social benefits together. The only difference due to adding the environmental
attribute was that BP was found to be even more advantageous compared to WP

(Table 18 column F).

The results of the optimization of the process economics by itself are shown in
Table 19, Column A. The highest annual profit was generated by BP production for
EU heating market using a combination of forest residue (427 GBtu) and roundwood
(995 GBtu). As noted in Table 16, for this relatively large pellet facility, we assumed
that only 30% biomass could be derived from forest residues. BP production was
predicted to be more profitable, because of the higher energy density in the 75,000
t/'year capacity. The optimized model used the maximum available forest residue
feedstock (474 GBtu) and filled the rest of the feedstock demand by using the higher

cost roundwood (1104 GBtu). The total annual profit achieved was $5.4 million.
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The combined social and economic optimization also identified BP production for
the EU heating market as the preferred outcome (Table 19, column B). However, there
was a change in the preferred source of the biomass feedstock from a combination of
forest residues and roundwood to roundwood alone. This result was counter-intuitive
as roundwood cost more compared to forest residues which should drive up the cost
of the pellets. However, there were also greater social benefits derived from
roundwood use, including higher payments to landowners, and associated economic
multiplier for the community. Based on the assumptions used for this work, the range
of social and economic benefits (-1.17-5.24 $/MBtu and 8.42-10.66 $/MBtu) were
similar, highlighting the value of the optimization in evaluating and comparing multiple
goals. The social and economic benefits together resulted in a profit of $19.6 million

a year, which is 4 times higher than the economic benefit alone.

The three-component optimization (economic, social, and environmental)
resulted in the same combination of biomass feedstock, and bioenergy product use
and location as shown earlier (Table 19, column C). Again roundwood alone was the
preferred feedstock, and the EU heating market was the preferred use and location.
The social benefits were the most significant component in this optimization,
accounting for 80% of the aggregated benefits. The total economic, social and
environmental benefits were estimated to be $17.1 million, which was lower than the
benefits observed when economic and social attributes were combined (due to

additional environmental costs.)
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Taking this analysis one step further, we evaluated the benefits when biomass
combustion was considered “carbon neutral” and the CO2 emitted from biomass was
not treated as a cost. This specific analysis removed CO2 emission costs from the
torrefaction process and the final combustion of BP, whereas only from the final
combustion when WP was considered. The CO2 emissions from the natural gas fired
dryer used in the manufacturing of WP remained an environmental cost for WP. This
analysis showed an increase in the value of the BP in the EU heating market to $18.9
million.

Finally, the environmental impacts of using BP for the EU heating market were
compared to that from the use of coal for the same market (Table 20). As noted in
Table 16, this work used four environmental elements- SOx, CO2, mercury emissions
and PM 2.5 to define the overall “costs” of the different technology options. Using
these four attributes, this analysis shows that SOx and CO2 dominate the differences
between BP and coal. The avoided environmental costs from using BP instead of coal,

for heating, resulted in $8.2million of total benefits per year.
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Table 19 Optimized scenarios

A B C
Economic+Social+
Economic Economic+Social Environmental
optimization optimization optimization
GBtu/year | mm$/year | GBtu/year | mm$/year | GBtu/year mm$/year

Biomass Feedstock Source
Forest Residue 474 NA 0 NA 0 NA
Roundwood 1,104 NA 1,578 NA 1,578 NA
Scenario
BP Forest Residue EU Heating 427 2.1 0 0 0 0
BP Roundwood EU Heating 995 3.2 1,422 19.8 1,422 17.1
TOTAL BENEFIT/year NA 54 NA 19.8 NA 17.1

Note: Maximum BP production is 1422 GBtu a year, maximum WP production is 1117 GBtu/year.

The mill can produce 27% more

BP than WP in GBtu.

Table 20 Environmental costs of carbon neutral biomass and coal energy

SOx COz2 HG PM ENERGY TOTAL
$/MBTU $/MBTU $/MBTU $/MBTU GBTU MMS$/YEAR
BP 0.07 0.15 0.05 0.07 1422 0.5
COAL 4.60 1.30 0.10 0.05 1422 8.6
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DISCUSSION

The goal of the study was to define the process model and data for the variables of
interest, and then define equations and inequalities that allow for optimization of the
economic, social, and environmental benefits, and costs of the forest biomass supply
system for bioenergy production. Linear programming was used for optimizing the
multi-objective system in our study. The process requires careful definition of the
process and the linear programming equations as shown in Figures 4 and 5. Once the
model is developed it can be used to evaluate a number of alternative scenarios. The
biggest challenge for any model development and analysis is quality of the data, and
this research showcases the unavailabilty of consistent and standardized data.
Defining the process constriants and assumptions that describe the process outline
are also a challenge in optimization. For example, in this paper we used pellet plant
capacity as the constraint, but we could also standardize the analysis by placing
restrictions on the land available for biomass production or the total BTU delivered to
the combustion system(s).

There are several detailed studies that have publised economic data for production of
both WP or BP but these data are erratic and varied and have many different
assumptions. Additionally, the sources of the available literature, market data, and
investor interviews differed. Further, many important factors were not considered that
could simplify the analysis and allow testing of the optimization tool (e.g., competing

feedstock demand or the end use had no influence on the cost of operation).
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The social benefits should be analyzed in further detail, especially landowner
payments. In this paper, employment and feedstock payments to the landowner were
considered to be social benefits for the local community. A multiplier was applied for
estimating the benefits of these activities across the community. Purely measuring
social benefits based on employees’ and landowners’ income increase may be
misleading, because they do not consider the consequence of the overall impact on
the society. To improve accuracy of the social assessment, stumpage prices, farmers’
cost of biomass production, and employment from forest management should also be
analyzed in more detail. The transfer of the profit from the pellet mill to the landowners
or the local community did not lead to an increase in the social and economic benefits
taken together. The study indicated that a higher socio-economic benefit was available
only to higher value end product or the lower production cost of the feedstocks. The
higher production costs of feedstock meant that we could not achieve the most
efficient sustainable use of our natural resources. The lower value product sold
(e.g.,wood chips instead of pellet) reflects that the social benefit of the generated value
was transferred to the community.

The detailed environmental emissions from a real process and their costs were very
difficult to define. Some environmental costs are relatively easy to track, e.g., SOxand
COg, but these costs vary with change in government regulations and may even
change dramatically, over a short period of time.

The estimations of the social costs of CO2 have a high uncertainity. Under Executive
Order 12866 - the Social Cost of Carbon for Regulatory Impact cost were higher
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($36/t) than the applied California Air Resources Board Data ($12.87/t). Although, the
best scenario would not change by the three times higher costs, the environmental
costs would increase by 100%. In the case of the carbon neutral biomass combustion
assumption, the increase is approximately 25% compared to the $12.87/t CO2 cost
environmental burden calculation. The higher estimated cost of carbon significantly
increases the advantage of pellet above coal. Further analysis could look at
developing a sensitivity analysis for pollutant costs, comparing the applied market and
social costs of pollution for a better understanding of the environmental and social
tradeoffs. Finally, the spatial distribution of the environmental impacts were not
considered in this case study, although trade-offs between social benefits and
environmental costs may exist locally. A significant limitation of the monetized
comparison, aggregation, and optimization is the application of the same weights to
all benefits, although the level of benefits will realistically vary based on different

stakeholders’ perspective.

ACKNOWLEDGEMENT

The authors thank the IBSS project for providing funding for this study.
The IBSS project is supported by Agriculture and Food Research Initiative
Competitive Grant no. 2011-68005-30410 from the USDA National Institute of Food

and Agriculture.

142



REFERENCES

Abt, R. C., Abt, K. L., Cubbage, F. W., & Henderson, J. D. (2010). Effect of policy
based bioenergy demand on southern timber markets: A case study of North Carolina.
Biomass and Bioenergy, 34(12), 1679-1686.

Balaman, Y. ., & Selim, H. (2014). A fuzzy multiobjective linear programming model
for design and management of anaerobic digestion based bioenergy supply chains.
Energy, 74, 928—-940.

Bergman, P. C. A. (2005). Combined torrefaction and pelletisation The TOP process,
(July).

Brunntrup, M., Hermann, R., & Gaebler, M. (2009). Bio-energy in Namibia:
opportunities, threats and institutional challenges for rural development and food
security. Challenges (pp. 18-20).

Cambero, C., & Sowlati, T. (2014). Assessment and optimization of forest biomass
supply chains from economic, social and environmental perspectives - A review of
literature. Renewable and Sustainable Energy Reviews, 36, 62—73.

Cugek, L., Varbanov, P. S., Klemes, J. J., & Kravanja, Z. (2012). Total footprints-based
multi-criteria optimisation of regional biomass energy supply chains. Energy, 44(1),
135-145.

Dale, V. H., Efroymson, R. a., Kline, K. L., Langholtz, M. H., Leiby, P. N., Oladosu, G.
A., Davis, M. R., Downing, M. E., Hilliard, M.R. (2013). Indicators for assessing
socioeconomic sustainability of bioenergy systems: A short list of practical measures.
Ecological Indicators, 26, 87—102.

Dantzig, G. B. (2002) Linear Programming. Operations Research 50(1):42-47.

Fraas, A., & Lutter, R. (2012). Efficient pollution regulation: Getting the prices right:
Comment. American Economic Review, 102(5), 602—607. doi:10.1257/aer.102.1.602

Gerber, N. (2008). Bioenergy and Rural Development in Developing Countries: a
review of existing studies. Discussion Papers, (June). Retrieved from
http://papers.ssrn.com/sol3/papers.cim?abstract_id=1162142

Hill, J., Polasky, S., Nelson, E., Tilman, D., Huo, H., Ludwig, L. Bonta, D. (2009).
Climate change and health costs of air emissions from biofuels and gasoline.

143



Proceedings of the National Academy of Sciences of the United States of America,
106(6), 2077-82. doi:10.1073/pnas.0812835106

Jeuck, J., T.E. McConnell, R. Bardon, and D. Hazel. 2015. North Carolina’s forests
and forest industry by the numbers. North Carolina Cooperative Extension Service
College of Natural Resources Extension Forestry departmental factsheet. 1 p.

Johnson, E. (2009). Goodbye to carbon neutral: Getting biomass footprints right.
Environmental Impact Assessment Review, 29(3), 165-168.
doi:10.1016/j.eiar.2008.11.002

Mathews, J. A. (2008). Carbon-negative biofuels. Energy Policy, 36(3), 940-945.
doi:10.1016/j.enpol.2007.11.029

Matthews, H. S., & Lave, L. B. (2000). Applications of environmental valuation for
determining externality costs. Environmental Science and Technology, 34(8), 1390—
1395. doi:10.1021/es9907313

Pirraglia, A., Gonzalez, R., & Saloni, D. (2010). Techno-economical analysis of wood
pellets production for U.S. manufacturers. BioResources, 5(2006), 2374-2390.

Pirraglia, A., Gonzalez, R., Denig, J., & Saloni, D. (2012). Technical and Economic
Modeling for the Production of Torrefied Lignocellulosic Biomass for the U.S.
Densified Fuel Industry. BioEnergy Research, 6(1), 263—-275.

Resch, G., Held, A., Faber, T., Panzer, C., Toro, F., & Haas, R. (2008). Potentials and
prospects for renewable energies at global scale. Energy Policy, 36, 4048—4056.

Sacchelli, S., Bernetti, I., De Meo, I., Fiori, L., Paletto, a., Zambelli, P., & Ciolli, M.
(2014). Matching socio-economic and environmental efficiency of wood-residues
energy chain: A partial equilibrium model for a case study in Alpine area. Journal of
Cleaner Production, 66, 431-442.

Spath, P., Mann, M., & Kerr, D. (1999). Life cycle assessment of coal-fired power
production. National Renewable Energy Laboratory. doi:10.2172/12100

Trasande, L., Landrigan, P. J., & Schechter, C. (2005). Public Health and Economic
Consequences of Methyl Mercury Toxicity to the Developing Brain. Environmental
Health Perspectives, 113(5), 590-596. doi:10.1289/ehp.7743

Magelli, F., Boucher, K., Bi, H. T., Melin, S., & Bonoli, A. (2009). An environmental
impact assessment of exported wood pellets from Canada to Europe. Biomass and
Bioenergy, 33(3), 434-441. http://doi.org/10.1016/].biombioe.2008.08.016

144



McDow, "The Wood Pellet Value Chain,” U.S. Endowment for Forestry and
Communities, 2013.

Wouehlisch 2011. Financial analysis of the transport of wood chips as an option among
other solid fiber based combustibles from the USA to Germany. Master Thesis.
University of North Carolina Wilmington. Retrieved at 10.20.2015 from
http://csb.uncw.edu/imba/annals/VonWuehlischC.pdf

California  Air Resources Board Data. Retrieved at 10.15.2015 from
http://www.arb.ca.gov/cc/capandtrade/auction/auction.htm

IRENA 2012. Renewable energy technologies: Cost analyses series. Volume 1:
Power Sector. Issue 5/5. Retrieved at 10.12.2015 from:
https://www.google.com/search?q=irena+2012+pellet+market&ie=utf-8&oe=utf-8

RISI North American Woodfiber & Biomass Markets. Retrieved at 10.20.2015 from
http://lwww.risiinfo.com/Marketing/Indices/INAWBM _sample.pdf

US Government Technical Update of the Social Cost of Carbon for Regulatory Impact
Analysis Under Executive Order 12866. 2015.

US EPA emission factors wood residue combustion in boilers. Retrieved at
10.20.2015. from http://www3.epa.gov/ttn/chief/ap42/ch01/final/c01s06.pdf

145


http://www.risiinfo.com/risi-store/do/product/detail/woodfiber-biomass-markets.html

CONCLUSIONS

This study examined societal acceptance and adoption of bioenergy and applied two
models — one quantitative and one qualitative - to understand the integration of social
impacts with economic and environmental impacts for evaluation of optimization and
trade-offs for sustainable bioenergy.

A systematic analysis of the literature showed an increase in the number of
publications/articles focused on societal aspects of bioenergy, including discussions
about bioenergy perceptions of key stakeholders, although the total number of studies
on the societal impacts still lag behind those focused on the financial aspects. This
growth is an indication that the industry and the researchers recognize the importance
of public acceptance and knowledge about bioenergy for the commercial success of
the industry.

Most of the published studies were in the U.S. and Europe, but other geographical
regions such as Asia and Latin America also showed increase interest in the public
perception and adoption of bioenergy. This systematic review showed that as a group,
‘consumers” were the most frequently surveyed group. However, the number of
respondents, and their corresponding robustness, varied (24 to 1903) across studies.
There is a need for standardized methods to collect and analyze perception results to
improve interpretability and representation. In order for bioenergy to be successfully
deployed, there is a strong need not only for educational programs with information
on proper management and ecological effects of producing or harvesting energy
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crops, but also policies that should be developed to meet sometimes conflicting
economic, environmental and societal goals. The policies should be developed
through dialogue and collaboration between various government and institutional
partners including the extension personnel and local landowners association. Our
assessment showed that among all the stakeholder groups, forest and farm
landowners were the most hesitant to participate in bioenergy programs. However,
interest from landowners and other stakeholders was likely to be spurred by
successful small-scale demonstrations in their local communities. For other
stakeholder groups, education and targeting their specific needs were key to
successful adoption of bioenergy.

The analysis of consumer perceptions about bioenergy (in NC and TN) showed that
the general public varied widely in their understanding and knowledge about biomass-
based energy and biofuels (for transportation). Results of our study showed
consumers considered various aspects of biofuels including impacts on society,
environment, costs, land use, competitive products (mostly food), and vehicle
compatibility with biofuels that will guide their support for a future biofuels industry.
The general public seek more general knowledge, and specifically more information
on biofuels’ compatibility with their vehicle. Developing credible educational tools,
consistent information, and an effective dissemination strategy through efficient
channels is likely to increase the acceptance of biofuels for transportation.
Respondents valued the local impacts of bioenergy such as jobs/employment and use
of renewable resources with local power provider. One key for consumer acceptance

147



of bioenergy will be small-scale demonstration projects focused on local and regional
benefits such as employment and agricultural diversification. Another area of focus by
the industry should be to provide clear, consistent information about bioenergy and
help develop a common, easy to use certification and labeling scheme for resulting
products and processes. Bioenergy certification should be able to provide
standardized information to buyers about the product characteristics that would make
it simpler to disseminate the message to the general public.

Channels for effective dissemination of information are those that are trusted by the
target audience. Local sources (extension agents, foresters) as well as local utility
companies and environmental groups were considered more trustworthy by the
consumers in our study compared to what is labeled “government”. In addition,
collaboration with environmental organizations and academia may also be help to
successfully reach the public.

Extension of the perception results from the two states studies (NC and TN) to the
southeastern U.S. is limited by the fact that there were significant differences between
these states on some key bioenergy aspects. This study showed that TN citizens
consistently rated characteristics higher than the citizens of NC. NC consumers were
found to be more concerned about climate change and the effects of biofuel on the
environment, whereas, TN residents were significantly more concerned about U.S.
dependence on foreign oil, and price of transportation fuels and energy. So, while the
results provided useful information about how citizens in the two states view
bioenergy, it is important to note that these findings may not be applicable to all states

148



in the Southeast or for citizens across other regions of the U.S.

While this study has identified some key attitudes and opinion dynamics around
bioenergy and biofuels, future research will need to examine a number of additional
issues to arrive at a more comprehensive understanding of regional attitudes on
bioenergy. Given varying responses from consumers, we believe a segmentation of
consumers or the general public will be helpful in garnering a deeper understanding
of how different the risk and opportunity perceptions could be so that targeted
strategies can be employed for messaging and reaching each unique segment. It is
also important to explore the complex dynamics between particular stakeholders.
Bioenergy may have a significant impact on consumers, farmers, forest landowners,
industry, NGOs, and local communities, however, since each of these stakeholders
will not all benefit in the same way, or at time, some of these interests will be in conflict.
Thus, data on specific stakeholder segments could improve the overall understanding
of the informed and uninformed public views’ of bioenergy.

We used two different tools, one qualitative and one quantitative, to measure and
optimize economic, environmental and social sustainability attributes of bioenergy
systems. The qualitative model used was a Multi Attribute Decision Support System
(MADSS) based on the established indicator system by McBride et al. (2011) and Dale
et al. (2013) within the DEXi software. Thirty-five key sustainability indicators for three
production scenarios were ranked and used as inputs into the MADSS model. The
resulting analysis showed plantation pine to be the most sustainable for production of
bioenergy pellets (assuming similar technology, location, transportation, and logistics)
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closely followed by natural hardwood. On environmental and social indicators of
sustainability, natural hardwood performed better relative to plantation pine or
plantation poplar. Economic sustainability scored better for plantation pine and
plantation poplar, due in large part to their higher growth rates compared to natural
hardwood. Our results show the potential for using highly productive plantations for
bioenergy production. This type of qualitative tool has its greatest advantage as a
screening tool when it is difficult to translate the indicator into the quantitative terms
needed for more rigorous mathematical optimization tools. This is particularly true in
the case of social indicators of sustainability which are difficult to quantify (e.g., public
opinion or acceptance). The ease of use and the graphical interface of the MADSS
tool supports the interpretation, comparison between scenarios, and communication
of the findings of optimum sustainability.

Linear programming was the quantitative tool used for optimizing bioenergy
sustainability for pellet production. Four variables were considered including, the
market (power vs district heating), the market location (EU vs US), the form of the
biomass (standard wood pellets (WP) vs. torrefied black pellets (BP), and the source
of the biomass (forest residues vs. roundwood). The financial, environmental and
social impacts of these production alternatives were then evaluated using a system of
equalities, inequalities and constraints. The financial, environmental and social
impacts included the total production costs, e.g., capital, operating, transportation and
storage; the environmental costs associated with the emission of CO2, SOx, mercury
and PM 2.5, and social costs (benefits), e.g., landowner payments, employment and
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community benefits. All of these indicators were monetized to create a set of variables
with common units. Using economic criteria alone, the optimization showed that the
best solution was to use a combination of 70% roundwood and 30% forest residue
feedstock to produce BP sold for power generation in the EU. An optimization of all
three sustainability criteria showed that BP produced from roundwood sold for district
heating in the EU was preferred. The results from the optimization also show that
using biomass for power production is significantly better than power derived for coal.
Treatment of the CO2 from biomass as an emission cost or as carbon neutral did not
change the preference of biomass over coal.

These results are based on the specific indicators used for this study, and different
stakeholders’, e.g., industry, landowners, consumers, policy makers or
environmentalists, may desire different indicators or different weights on the selected
indicators. For example, for communities around bioenergy plants the community
benefits of jobs and landowner payments (indicators of social sustainability) may
become more important than environmental or economic impacts producing a different
outcome. Doing this type of sensitivity analysis will require an accurate model
developed with defined constraints and assumptions, which in turn depends on
availability of quality data. There are significant challenges associated with data
availability and quality for modeling sustainability. The available financial data for
operating plants is proprietary, and publically available data differs between sources.
Social data on jobs/employment at the production facility and landowner payments,
stumpage prices, does not include wider measures of community benefits. Although
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there has been much work in defining environmental costs and benefits, these costs
are driven by regulations which vary over time. This study highlights the need for more
standardized data on all the three aspects of sustainability with common definitions
that could become globally relevant but locally adaptable to different bioenergy
scenarios. It also highlights the need for tools that can include data uncertainty in the
analysis.

In total this work shows that bioenergy has the potential to make significant
contributions to a sustainable economy and social well-being as the technology
becomes more efficient and the stakeholders are better informed of the economic,
environmental and social impacts in a clear and consistent manner. This study also
provides some important results on how societal analysis and tools for communication

can be used engage and inform stakeholders for a bioenergy future.
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FUTURE RESEARCH

Improve knowledge, credibility, and transparency

To make progress in this complex arena there is a need to develop creditable
stakeholder specific, education tools, and an effective dissemination strategy using
communication channels that are effective for specific stakeholders’. Segmentation of
a larger stakeholder group (like general public or landowners), the spatial distribution
of the segments, the segments’ preferences, knowledge, and interests are all needed
for an efficient education and communication strategy. It is also important to explore
the dynamics between particular stakeholders. Bioenergy has a significant impact on
consumers, farmers, forest landowners, industry, NGOs, local communities and these
stakeholders do not all benefit in the same way and at times these interests may be
opposed.

There is a need to look at certification and labeling criteria for biomass—based energy
for improving credibility and support conscious stakeholder decisions. These
certifications could be similar to the Environmental Product Declarations that have
been developed for wood products (AM Wood Council website -
http://lwww.awc.org/greenbuilding/epd)

Making multi-attribute decision support tools more credible requires both better data
and communication tools. These should be applied specific case studies that highlight

the strengths and limitations of these tools for analysis of complex natural resource
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systems. The use of multi-attribute evaluation for analysis of trade-offs is an invaluable

life skill so could be made a part of K12 curriculum.

Developing decision-making tools, support to find the best decisions

Customized models of multi-attribute decision supporting tools and optimizations
models need to apply for other areas of bioenergy that need more case studies and
real world applications for improving the tools and make the results understandable.
In the specific case of the linear programming optimization model for pellet production
that was developed as part of this work there is a need for more detailed data across
the board. Including the optimization of the pellet plant capacity, considering the
increasing feedstock transportation cost from higher feedstock needs, and the ocean
vessel capacity, as well as the costs of storage at the port, would improve the model.
The environmental costs of emissions and the costs of other environmental impacts
need more accurate and accepted values. The non-emission related environmental
costs and the spatial distribution of the environmental impacts have to be analyzed
and included in the optimization model, also the trade-offs between social benefits

and environmental costs.
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APPENDIX A

EIESS Consumer Questionnaire

Sosvhesien Firtaerafiup for

Integrated Biomass Supply Systems

l. DEMOGRAPHICS

1. What is the ZIP/postal code of your current residence?

2. What is your gender?

Male
Female

L0

3. What is your year of birth?

4. Please indicate your educational background?
Years of HS completed

Years of College completed

5. What was your total household income in 2012 (include all income earners

in your household)?

Under $25,000

$25,000 to less than $50,000
$50,000 to less than $100,000
$100,000 to less than $150,000
$150,000 and over

Prefer not to answer

|

6. Which of the following best describes your ethnicity (please select all that

apply)?

White/Caucasian

Black/African-American

American Indian/Native American
Asian/Oriental

Native Hawaiian or Other Pacific Islander
Hispanic/Latino

|
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Some Other Race (please specify)
Prefer not to answer ]

Il. ENVIRONMENTAL SPECIFIC QUESTIONS

7. Evaluate your level of concern about the following topics ( (1) Not at all
Concerned; (2) A Little Concerned; (3) Neutral; (4) Concerned; (5) Extremely
Concerned )
| am concerned about:

1 2 3 4 5

Not at all Moderately Neutral Concerned Extremely
concerned  concerned
concerned

Pollutants in the environment

Increasing global population

Food availability/shortage

Energy availability for the future generations
Global climate change

Greenhouse gas emissions

Decreasing fossil energy reserves

U.S. dependence on foreign oil

Price of transportation fuels

The price of energy (e.g., electricity, natural
gas)

General unemployment

Rural unemployment

Livelihood of farmers and forest landowners
Local economy of my region

N O
N O
N O
N O
N O

8. How much gasoline do you personally buy in a week (your best estimate)?

| do not buy transportation fuel
Under 5 gallon

5 gallon to less than 10 gallon
10 gallon to less than 20 gallon
20 gallon to less than 40 gallon
40 gallon or over

]

9. Where do you get your information about energy?
Magazines or Newspapers

Government websites []

Utility company (website or mail) ]
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Non-profit organizations (website or on-site)
Word-of-mouth or Social Networks (e.g. Facebook, Twitter,
MySpace)

Radio or Television

School/University or Scholarly journal articles
Other (please specify)

| am not interested in energy

O dd 0O

10. I have heard that biofuel can be made from trees, agricultural crops or
grasses?

Agricultural crops

Yes No
] ]
Grasses

Yes No
] ]
Woody Crops/Forest Residues
Yes No
] ]
Trees

Yes No
] ]

Please read the following information before answering the next section:

Renewable sources are resources that can be naturally replenished over time.

11. Which of the following sources of energy would you consider to be
renewable? (Select one) (1) Renewable; (2) Not renewable; (3) Not sure; (4)
Never heard of this energy source

1 2 3 4
Renewable Not renewable Not sure  Never heard about this energy
source

Electricity from:
Coal ] ] ] ]
Petroleum ] ] [] []
Natural gas ] ] ] []
Nuclear ] ] ] ]
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Hydrogen ] ] ] []
Geothermal ] ] L] []
Wind ] ] L] ]
Trees ] ] L] []
Agricultural crops ] ] [] []
Grasses ] ] L] []
Hydroelectric ] ] ] []
Solar ] ] L] []
Tidal ] [ [] [
Transportation fuel from:

Petroleum ] ] L] []
Natural gas ] ] ] []
Hydrogen ] ] ] L]
Trees ] ] ] []
Agricultural crops ] ] [] []
Grasses ] ] ] []

Please read the following information before answering questions (12-16):

Biomass feedstocks are materials such as trees, corn, grass, etc., that may be
used to produce renewable transportation fuels. E.q., Biofuel is a renewable
transportation fuel produced from renewable/natural feedstocks.

12. If biofuels (as a transportation fuel) were available from the following
sources, which of the following would you be willing to purchase? ( (1)Willing
to purchase ; (2) Not willing to purchase; (3) Never heard of biofuel from this
source). Please take into consideration that the different residues and wastes
are used for low value products currently.

1 2 3

Willing to purchase Not willing to purchase  Never heard of biofuel from this
source

Corn

Other agricultural crops (e.g. soybean)
Crop residues (e.g., corn stalks/stover)
Grasses

Wood manufacturing residues (e.g.
sawdust

Forest Residues/Trees
Landfill waste
Algae/duckweed
Genetically modified crops
Genetically modified trees

N 1
N 1
N 1
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13. If biofuel for transportation was available at gas stations, what are the
most important factors that will influence you to choose biofuel over
gasoline? ((1) Extremely unimportant; (2) Unimportant; (3) Neither unimportant
nor important; (4) Important; (5) Extremely important or inevitable)

1 2 3 4 5

Extremely  Unimportant Neither  Important Extremely

orimerent nor imporant nviable

My vehicle is compatible with biofuel [] [] [] [] []

Biofuel will not change the performance of the engine [] L] L] [] []

Biofuel will not change the lifetime of the engine [] [] [] [] []

Biofuel will not reduce my vehicle’s fuel economy ] ] ] ] ]

Price of biofuels [] [] [] [] []

Availability of biofuels ] ] ] ] ]

My colleagues’/neighbors’/family’s opinion

about biofuels ] ] ] ] ]
The raw material that is used to produce biofuel

(e.g., corn, wood, waste, etc.) ] ] ] ] ]
Tax breaks by government to use biofuels in my

vehicle ] ] ] ] ]

14. Please rate your relative agreement of the following statements
considering biofuels for transportation ((1) Strongly disagree; (2) Disagree; (3)
Neither disagree nor agree; (4) Agree; (5) Strongly agree)

1 2 3 4 5

Strongly disagree  Disagree Neither Agree  Strongly
disagree nor agree
agree

Before | would purchase biofuels, | would like more
information about how they would affect my vehicle [] [] [] [] []

| would not purchase biofuels because they might be
bad for my car engine O O 0O 0O 0O

| would only purchase biofuels if they were available
at most or all gas stations ] ] ] ] ]

| would purchase biofuel if it increases the power of my

vehicle’s engine O O 0O 0O 0O

| believe that biofuel will not be available at all gas

stations 0O O 0o O 0O
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| am concerned that using biofuel will lower my vehicle’s
gas mileage ]

E-10 (10% ethanol) is currently blended with most gasoline
at gas stations []

| will not be concerned if higher blends (more than 10% ethanol)

was used with gasoline at gas stations

| would like the government to provide me with
more information about biofuels L]

| think biofuel production will help improve national security

Government should fund research on biofuels []

Using biofuels will reduce US dependence on
foreign oll []

We should produce biofuels to meet our country’s
energy demand ]

| think the government should subsidize the manufacturing
of biofuels []

Government should provide tax breaks if we use
biofuels in our vehicles []

| believe our taxes will rise if we produce biofuel from
trees/ crops ]

| believe that investment in biofuel industry will create
jobs ]

| believe biofuel industry will have more benefits than risks
for the society ]

| trust the government to give me credible information []
about biofuels

[

[

[l

[

L]

L]

L]

L]
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| trust that non-profits will give me more credible L] L]
information about biofuels than the industry

| believe biofuel refineries in my region could provide

employment opportunities ] ]

| think the biofuel industry will improve the rural

economy [] []

Biofuels are not environmentally friendly

(they take more energy to make than it is worth) ] ]

Biofuels have a lower environmental impact

than gasoline [] []

| believe a biorefinery plant in my local area will cause pollution
O O

| would purchase biofuels even if it is a little more

expensive than gasoline [] []

| would only purchase biofuels if they were the same price

as gasoline 0 O
| would only choose the biofuel if it is lower in price than

gasoline ] L]
Biofuels can be produced economically ] ]

| believe that genetically modified crops can be used for
producing biofuel ] ]

| believe that agricultural crops can be used for
producing biofuel [] []

| believe that grasses can be used for producing
Biofuel []

L]

| believe that trees can be used for producing biofuel [] L]

L]

L]

L]
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| believe using landfill wastes could be a valuable
source of bioenergy ]

| would like my local power provider to use renewable [ ]
fuels sources

| think biofuels will cause groceries to be more
expensive []

| think biofuels made from grasses will cause
groceries to be more expensive. ]

| think biofuels made from corn will cause groceries
to be more expensive. []

| think biofuels made from trees will cause groceries

to be more expensive. ]
| would not like my local power provider to use
renewable fuels sources if it costs me more money  []
| would support the cutting of trees for biofuels if

trees were replanted in the same place ]

[

[

| would support the cutting of trees for biofuels if it significantly

reduces oil importation []

15. If you have any other comments or concerns about the biofuel or
energy industry please indicate in the space provided below.

16. Your input is extremely valuable to us; if you would like to stay informed
about our survey and receive a copy of the survey summary please provide

your email address below:

[
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APPENDIX B

A sample utility table, all possible cases and decisions by cases

3‘); Decision rules SUSTAINABILITY

LOW SUSTAINABILITY vl X H =z

™ Use scale orders

[~ Use weights
ENVIRONMENTAL SUSTAINABILITY |ECONOMIC SUSTAINABILITY SOCIAL SUSTAIMABILITY SUSTAINABILITY

_1 LOW ENVIROMMENTAL SUSTAINABILITY LOW ECOMOMIC SUSTAINABILITY LOW SOCIAL SUSTAIMABILITY {LOW SUSTAINABILITY
_2 LOW ENVIROMMENTAL SUSTAINABILITY LOW ECOMOMIC SUSTAINABILITY INTERMEDIATE SOCIAL SUSTAINABILITY LOW SUSTAINABILITY

3|LOW ENVIRONMENTAL SUSTAINABILITY LOW ECOMOMIC SUSTAINABILITY HIGH SOCIAL SUSTAINABILITY INTERMEDIATE SUSTAINABILITY

4|LOW ENVIRONMENTAL SUSTAINABILITY INTERMEDIATE ECOMOMIC SUSTAINABILITY LOW SOCIAL SUSTAIMABILITY LOW SUSTAINABILITY

5|LOW ENVIRCNMENTAL SUSTAINABILITY INTERMEDIATE ECOMOMIC SUSTAINABILITY INTERMEDIATE SOCIAL SUSTAINABILITY LOW SUSTAINABILITY
_6 LOW ENVIROMMENTAL SUSTAINABILITY INTERMEDIATE ECOMOMIC SUSTAINABILITY HIGH SOCIAL SUSTAINABILITY INTERMEDIATE SUSTAINABILITY
_? LOW ENVIRONMENTAL SUSTAINABILITY HIGH ECONOMIC SUSTAINABILITY LOW SOCIAL SUSTAIMABILITY INTERMEDIATE SUSTAINABILITY
_B LOW ENVIRONMENTAL SUSTAINABILITY HIGH ECONOMIC SUSTAINABILITY INTERMEDIATE SOCIAL SUSTAIMABILITY INTERMEDIATE SUSTAINABILITY
_9 LOW ENVIRONMENTAL SUSTAINABILITY HIGH ECONOMIC SUSTAINABILITY HIGH SOCIAL SUSTAINABILITY INTERMEDIATE SUSTAINABILITY
E INTERMEDIATE ENVIRONMENTAL SUSTAINABILITY |LOW ECONCOMIC SUSTAINABILITY LOW SOCIAL SUSTAIMABILITY LOW SUSTAINABILITY
E INTERMEDIATE ENVIRONMENTAL SUSTAINABILITY |LOW ECONCOMIC SUSTAINABILITY INTERMEDIATE SOCIAL SUSTAIMABILITY LOW SUSTAINABILITY
E INTERMEDIATE ENVIRONMENTAL SUSTAINABILITY |LOW ECONCOMIC SUSTAINABILITY HIGH SOCIAL SUSTAINABILITY INTERMEDIATE SUSTAINABILITY
E INTERMEDIATE ENVIRONMENTAL SUSTAINABILITY |INTERMEDIATE ECOMOMIC SUSTAINABILITY LOW SOCIAL SUSTAIMABILITY LOW SUSTAINABILITY
E INTERMEDIATE ENVIRONMENTAL SUSTAINABILITY |INTERMEDIATE ECOMOMIC SUSTAINABILITY INTERMEDIATE SOCIAL SUSTAINABILITY INTERMEDIATE SUSTAINABILITY
E INTERMEDIATE ENVIRONMENTAL SUSTAINABILITY |INTERMEDIATE ECOMOMIC SUSTAINABILITY HIGH SOCIAL SUSTAINABILITY HIGH SUSTAINABILITY
E INTERMEDIATE ENVIRONMENTAL SUSTAINABILITY |HIGH ECONOMIC SUSTAIMABILITY LOW SOCTAL SUSTAINABILITY INTERMEDIATE SUSTAINABILITY
E INTERMEDIATE ENVIRONMENTAL SUSTAINABILITY |HIGH ECONOMIC SUSTAIMABILITY INTERMEDIATE SOCIAL SUSTAINABILITY INTERMEDIATE SUSTAINABILITY
E INTERMEDIATE ENVIRONMENTAL SUSTAINABILITY |HIGH ECONOMIC SUSTAIMABILITY HIGH SOCIAL SUSTAINABILITY HIGH SUSTAINABILITY
E HIGH ENVIRONMENTAL SUSTAIMABILITY LOW ECONOMIC SUSTAINABILITY LOW SOCTAL SUSTAINABILITY INTERMEDIATE SUSTAINABILITY
E HIGH ENVIRONMENTAL SUSTAIMABILITY LOW ECONOMIC SUSTAINABILITY INTERMEDIATE SOCIAL SUSTAINABILITY INTERMEDIATE SUSTAINABILITY
E HIGH ENVIRONMENTAL SUSTAIMABILITY LOW ECONOMIC SUSTAINABILITY HIGH SOCIAL SUSTAINABILITY INTERMEDIATE SUSTAINABILITY
E HIGH ENVIRONMENTAL SUSTAIMABILITY INTERMEDIATE ECONCMIC SUSTAINABILITY LOW SOCTAL SUSTAINABILITY INTERMEDIATE SUSTAINABILITY
23|HIGH ENVIRONMENTAL SUSTAIMABILITY INTERMEDIATE ECONCMIC SUSTAINABILITY INTERMEDIATE SOCIAL SUSTAINABILITY HIGH SUSTAINABILITY
Z_ﬂHIGH EMVIRONMENTAL SUSTAINABILITY INTERMEDIATE ECONCMIC SUSTAINABILITY HIGH SOCIAL SUSTAINABILITY HIGH SUSTAINABILITY
E HIGH ENVIRONMENTAL SUSTAIMABILITY HIGH ECONOMIC SUSTAINABILITY LOW SOCTAL SUSTAINABILITY INTERMEDIATE SUSTAINABILITY
E HIGH ENVIRONMENTAL SUSTAIMABILITY HIGH ECONOMIC SUSTAINABILITY INTERMEDIATE SOCIAL SUSTAINABILITY HIGH SUSTAINABILITY
E HIGH ENVIRONMENTAL SUSTAIMABILITY HIGH ECONOMIC SUSTAINABILITY HIGH SOCIAL SUSTAINABILITY HIGH SUSTAINABILITY
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APPENDIX C

Matlab code, optimizing economic

%% Lower bounds

Ib=zeros(18,1);

%% Upper bounds

ub=inf(18,1);

ub(1:2,1)=1580;

ub(3:18,1)=1422;

%% Linear inequality

A=zeros(5,18); b=zeros(1,5);

A(1,1)=1; b(1)=474;

A(2,2)=1; b(2)=1580;

A(3,3:18)=1; b(3)=1422;

A(4,3)=1; A(4,4)=1; A(4,7)=1; A(4,8)=1; A(4,11)=1; A(4,12)=1; A(4,15)=1; A(4,16)=1; b(4)=1117;
A(5,3)=1.27; A(5,4)=1.27; A(5,5)=1; A(5,6)=1; A(5,7)=1.27; A(5,8)=1.27; A(5,9)=1; A(5,10)=1;
A(5,11)=1.27; A(5,12)=1.27; A(5,13)=1; A(5,14)=1; A(5,15)=1.27; A(5,16)=1.27; A(5,17)=1;
A(5,18)=1; b(5)=1422;

%% Linear equality

Aeq=zeros(2,18); beq=zeros(2,1);
Aeq(1,[1,3,5,7,9,11,13,15,17])=[1,-1,-1.11,-1,-1.11,-1,-1.11,-1,-1.11];
Aeq(2,[2,4,6,8,10,12,14,16,18])=[1,-1,-1.11,-1,-1.11,-1,-1.11,-1,-1.11];
%% Objective function

f=zeros(1,18);

f(1)=0;

f(2)=0;

f(3)=-1.02;

f(4)=-0.00;

f(5)=-0.50;

f(6)=-0.00;

f(7)=-3.77;

f(8)=-2.27;

f(9)=-3.49;

f(10)=-1.82;

f(11)=-4.92;

f(12)=-3.42;

f(13)=-4.40;

f(14)=-2.73;

f(15)=-5.24;

f(16)=-3.74;

f(17)=-4.96;

f(18)=-3.29;

%% Solve problem

[x fvall=linprog(f,A,b,Aeq,beq,|b,ub);
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