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Abstract

Bioenergy schemes are multi-faceted and complex by nature, with many available raw
material supplies and technical options and a diverse set of stakeholders holding a raft of
conflicting opinions. To develop and operate a successful scheme there are many
requirements that should be considered and satisfied. This paper provides a review of those
academic works attempting to deal with problems arising within the bioenergy sector using
multi-criteria decision-making (MCDM) methods. These methods are particularly suitable to
bioenergy given its multifaceted nature but could be equally relevant to other energy
conversion technologies. Related articles appearing in the international journals from 2000
to 2010 are gathered and analysed so that the following two questions can be answered. (i)
Which methods are the most popular? (ii) Which problems attract the most attention? The
review finds that optimization methods are most popular with methods choosing between
few alternatives being used in 44% of reviewed papers and methods choosing between
many alternatives being used in 28%. The most popular application area was to technology
selection with 27% of reviewed papers followed by policy decisions with 18%.
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1 Introduction

Bioenergy remains a fringe technology when compared with fossil fuel sources for many
developed countries. However this situation could change rapidly with the continuation of
attractive financial subsidies combined with market forces moving the interest of power
suppliers and transport fuel producers towards the bioenergy resource. It is well recognised
that the large scale expansion of biomass use for energy (heat, transport or power) can
result in negative impacts upon the environment, society and the economy. The misuse of
this resource creates many short and long-term problems which could outweigh the climate
change benefits available from using these conversion technologies. Proper and sustainable
management of bioenergy systems is therefore required.

The problems around managing, designing and implementing a bioenergy scheme are
complex and multi-faceted. There are many stakeholders for each project and many
requirements that must be satisfied for the successful long-term operation of a project. This
multi-stakeholder, multi-requirement nature of problems regarding bioenergy [1] lends
itself well to the application of multi-criteria methods. The intention of this paper is to
systematically classify the existing literature using multi-criteria methods to address
challenges in the bioenergy industry. To do so this review will address the following two
guestions: (i) Which methods are the most popular? (ii) Which problems attract the most
attention? The answers to these questions will give an indication of current trends in
research and the best direction for future research in order to further address the known
barriers to bioenergy implementation. The bioenergy resource and related conversion
technologies represent a major opportunity for the sustainable production of energy and is
a route to meeting national carbon reduction targets. As governments continue to aim
towards such targets decision making for bioenergy is likely to be a growing area of concern
for governments, developers and utilities as well as the general public in the coming
decades.

1.1 Decision support systems and bioenergy

Given the expected rise in the importance and rate of decisions being made in the bioenergy
sector and the complexity of the systems being designed there is a clear application for
decision making methods to be applied. Decision support systems (DSS) cover a wide and
heterogeneous range of tools used for assisting decision makers. According to Alter (1980
p.71) [2] referenced by Power (2002 p.9) [3] a DSS can “take on many different forms and
can be used in many different ways”. The purpose of a decision support system is not to
replace the decision maker but rather aid the decision making process by presenting
complex and interlinked data in a way which allows the impacts of different choices to be
more clearly understood. Decision support systems and multi-criteria decision making
methods have been used to great effect in other energy industries to assist in decision
making. The wind industry for instance has benefited greatly from the development of DSS
software packages [4, 5] which cut down on development time and create a platform for
understanding between different interested parties. Energy models in general are reviewed
by [2] whilst Zhou et al [3] observe a growing proportional application of MCDM methods to
the topics of electricity and renewable energy between 1975 and 2004.

Bioenergy project developers must interact with a wide reaching and complex system to
bring a project to a stage where it is ready to construct. Decisions must be made regarding



which technology should be used, which fuel sources should be contracted, how materials
should be stored and transported, the capacity of the scheme and how the finances of the
project are best managed and the choices made can impact on future decisions. For some of
these decisions support systems already exist from other disciplines such as project finance
or logistics. However other decisions are unique to the bioenergy industry. Many of the
papers reviewed here offer some method which could be used to support the design of
projects or decisions within the planning phase of bioenergy schemes, even if they are not
explicitly described as DSS.

Previous reviews exist on decision making in renewable energy and biomass. Notably Bafios
et al. [6] presented a review of optimization methods that have been applied to sustainable
energy. This review differs from that of Bafios et al. [6] as it focuses on multi-criteria
methods only and also on those applications regarding biomass and bioenergy. Wang et al.
[7] presented a review paper of multi-criteria methods for renewable energy although in
this case the review aimed to collect the different criteria which have been used by different
authors, similarly to Bafos et al. [6] the scope of the review is not focused on a particular
technology. lakovou et al. [8] presented a review in the related area of energy from waste
biomass which aimed to identify which barriers are being faced by that industry. This paper
is different as the reviewed studies here cover a different scope and are focused on the
methods to solve problems rather than the barriers being faced by industry.

This paper is organised as follows. Section 2 presents the procedure used to search for and
identify the papers for review. Section 3 describes how the papers have been categorised
and sections 3.1 through 3.5 give more detail on the reviewed articles. Section 4 discusses
which methods have been used to address each problem and section 5 shows which
problems attract the most attention. Section 6 describes other observations made on the
reviewed literature including year of publication and national contexts studied. Section 7
gives recommendations for future research direction. Finally section 8 gives a conclusion to
the paper.

2 Research methodology

ScienceDirect, Emerald and ProQuest databases were used to search for academic journal
articles published between and including 2000 and 2010. Following a number of preliminary
searches the broad key topics were identified for both methods used and areas of
application. More detailed search strings were then formed for each database to identify all
the relevant papers mentioning they key topics. Where possible only the fields of author
keywords, abstract and title were searched. This reduced the overall number of results and
excluded those papers only mentioning the key search terms in the references or literature
review sections of papers.

For a paper to appear in this review it must apply a multi-criteria decision making technique
and address a problem around bioenergy systems. Two groups of search terms were
therefore used as shown in Table 1.

Table 1: Search terms

Search terms used for review Search terms not used




Methods Multi-criteria, Multi-objective, multi- | Decision making, Decision analysis
attribute, MADM, MCDM

Applications Biomass supply chain, biofuel, | Renewable energy, waste, Energy
biomass, bioenergy from waste

Using a combination of these search criteria a manageable selection of papers was
identified. This involved not using the search terms “Renewable Energy”, “waste”, “energy
from waste”, nor the terms “Decision Making” or “Decision Analysis”. These terms were not
used as exclusions for the search but rather were not included in the search strings. This
narrowed the review space considerably and placed a focus on those works directly related

to the topic of this paper.

A total of 84 papers were identified using search strings from these keywords, the abstract
and title of each was reviewed and 27 were found not to be relevant to the topic of interest,
for instance papers about the development of bacteria growth mediums, ecosystems or
those with a strong methodological emphasis. The reference lists of the remaining papers
were checked to ensure that there were no other papers of relevance which had been
missed by the search.

The remaining 57 papers were a heterogeneous set from authors around the world
addressing differing problems under differing contexts. The abstracts and key findings or
case studies of these papers were then analysed and notes were made on each paper. From
the notes each paper was given a set of keywords which could be used to help with the
classification of papers. Keywords were given to each paper describing the area(s) of
application and the method being applied to make decisions. For the purposes of
classification when a paper applied more than one method the method which provided the
greatest contribution or was most relevant to the application being addressed or decision
being made is used.

3 Classification of papers

From the notes created for each paper a categorisation of both methods and applications
was created. A grouping of decision support system types from Turban et al. [9] was used to
provide a basis for method categories with qualitative studies added to cover the wider
range of papers identified by the review. A similar structure of methods is also shown in
Zhou et al [3]. Table 2 shows the categories of methods applied.

Table 2: Categories of method used for categorisation

Method Sub Method Description
Optimization Optimization of problems Finding the best solution from a small number
methods with few alternatives of alternatives

Optimization of problems Finding the optimal solution with problems with
with many alternatives many or infinite alternatives using a step-by-
using an algorithm step improvement.




Predictive models Using some mathematical model to predict a
future situation including using simulation
techniques.

Mainly qualitative study methods Collection and analysis of qualitative data from
interviews, surveys or focus groups

Others Any methods used which do not easily fit into
the above categorization, including life-cycle
analysis and geographical information systems.

Multi-criteria decision making (MCDM) or multi-criteria decision analysis (MCDA) is a broad
term used to describe any decision where multiple and conflicting criteria have influence on
the decision. Criteria can take the form of attributes or objectives, attributes are the
characteristics, qualities or measurements of performance whilst objectives are metrics
which reflect the desires of the decision makers. A multi-objective method therefore aims to
find a solution amongst alternatives that most satisfies these needs. A multi-attribute
method however would identify the best alternative depending on the known attributes of
those alternatives. These differences are subtle and the terms are interchangeable in most
contexts. Overlap also exists in the literature with some studies using both attributes and
objectives in the same model.

Within multi-criteria decision making optimization methods describe a broad family of
methods which aim to select the best available option or action between some given set of
potential actions. For the purposes of this paper these methods are divided into two sub-
sections. Firstly methods that select between some short list of options and secondly
methods which seek the overall maximum or minimum of a given objective function.

Section 3.1 divides the reviewed papers into groups depending upon the predominant
method used. In some cases it appears that two methods have been used in the same study,
for instance in Buchholz et al. [10] qualitative data is collected then converted to
guantitative weightings. In these instances the method which is used to make the final
decision or that which dominates the paper is used for categorization. There are also some
papers which apply a method that could be classed as some hybrid between two method
classifications. In these instances the method which is used to actually make the decision
rather than some pre-processing of data is used for classification.

Table 3 shows the categories of applications used to compile the results of the review. The
categories were selected to cover the majority of the papers identified in the search and
also partly to correspond with the Political, Environmental, Social, Economic, Legal and
Technological (PESTEL) framework. The topic of sustainability is important in the bioenergy
field and is frequently studied in many disciplines beyond multi-criteria decision making.
Sustainability has been given its own category for papers explicitly mentioning sustainability.
Any papers which consider all three of the sustainability pillars of social sustainability,
economic sustainability and environmental sustainability are also placed in the sustainability
category. If a paper addresses two or less of these issues, they are placed accordingly and
not in the sustainability category. Several papers address issues spanning more than one of



the categories, in these cases they have been placed in all appropriate categories. Therefore
a paper may belong to only a single method category, but many application categories.

Sections 3.1-3.5 show the reviewed papers with a brief description of the main points for
each, the reviewed papers have been split by method as defined in Table 2.



Table 3: Categories of applications

Category

Description of application

Political or legal
issues

Studies aiming to inform and advise government
policy on any issue regarding bioenergy

Technical issues

Any studies looking to improve the process or
conversion efficiency of bioenergy conversion
technologies

Sustainability

Economic Issues

Any studies aimed at removing or solving the market
failures, economic problems or improving the cost
effectiveness of bioenergy systems through finance

models.

Environmental issues

Studies addressing the issue of measuring and
reducing the environmental impact of bioenergy
systems.

Social Issues

Studies which provide approaches or discuss
methods to minimize social impact or maximise social
benefit. This category also covers acceptance into
local communities and the creation of jobs.

Project planning

Operational

Problems regarding the organisation and operation of
schemes either in the planning stage or on a day to
day basis. Problems regarding the movement of
materials and logistics.

Location

Studies providing an approach to identifying the
preferable locations to build bioenergy facilities, can
be either supply or conversion locations.

Technology Selection

Studies addressing the problem of selecting a
technology option for a bioenergy scheme at the
project planning stage. Usually this is for conversion
facility technology.

Capacity Studies addressing problems regarding the selection
of the optimal size and capacity for a scheme at the
project planning stage
Others A category produced to collect studies addressing

problems outside of the above.

3.1 Optimization of problems with few alternatives

A common group of methods from the optimization with finite options category is a family
of outranking methods based on the principle of pairwise comparisons, probably the most



well-known of these methods is the Analytical Hierarchy Process (AHP). The ELECTRE and
PROMETHEE Methods also belong to this category.

PROMETHEE (Preference Ranking Organisation METhod for Enrichment Evaluations) is a
multi-criteria decision aid methodology developed by Jean-Pierre Brans and Bertrand
Mareschal since 1982. PROMETHEE is an outranking method based on the pairwise
comparison of different options against the criteria defined by the decision maker.
Geometric Analysis for Interactive Assistance (GAIA) is often then used to better visualise
the outcomes of the decision process. PROMETHEE GAIA software has been developed to
assist in the application of this method and is available for download [11].

ELimitation Et Choix Tradusant la REalité (ELECTRE - Elimination and Choice Expressing
Reality) was introduced in the mid-1960’s by SEMA consultancy employee Bernard Roy [12].
ELECTRE relies upon the weighted sum technique for making business decisions. The
ELECTRE process involves two parts, firstly deciding the relationships between different
actions or options, secondly a weighting of preference for each action is determined using a
veto thresholds and importance coefficients approach [13].

Novel Approach to Imprecise Assessment and Decision Environments (NAIADE) is a multi-
criteria method which uses an evaluation matrix similar to those of the AHP, ELECTRE and
PROMETHEE methods but can handle either crisp, stochastic or fuzzy measurements of the
performance of each alternative against a given assessment criteria. NAIADE software has
been developed to further facilitate the application of the method.

Beccali et al. [14] used a multi-criteria decision making methodology to make assessments
of which low carbon energy sources should be pursued for the island of Sardinia. The
ELECTRE Ill decision support system is used and is combined with a built-in fuzzy approach
for dealing with linguistic values. This method is used to prioritise between 14 different
options based on either an “economy-orientated” scenario, an “environmental-orientated”
scenario or an “Energy saving and rationalization” scenario. The aim of the paper is to
recommend a suitable renewable energy technology deployment strategy. The study
recommends that the robustness of each solution could be assessed using a sensitivity
analysis.

Afgan and Carvalho [15] compared various new and renewable technology options against a
set of sustainability indicators. The result of the paper is a relative rating for each
technology option with regards to sustainability. The study shows how the most sustainable
choice will change when emphasis is placed on different sustainability criteria. The
technologies compared are coal, solar thermal, geothermal, biomass, nuclear, solar
photovoltaic (PV), wind, ocean, hydro and natural gas.

Haralambopoulos and Polatidis [16] mainly looked at geothermal power for the Greek Island
of Chios although biomass is considered as an alternative energy source. This paper used
the PROMETHEE Il outranking method to evaluate four scenarios against a mixture of three
guantitative and two qualitative criteria. These criteria were divided into different aspects
or sub-criteria to assist with measurement of the quantitative parts of the problem. The
paper aims to recommend the most suitable technology to best satisfy the criteria.

Khalil et al. [17] compared the PROMETHEE and GAIA methods. The aim of the study was to
identify the optimal conditions for the treatment of sewage sludge. The study considered
varying operating conditions such as reaction times, temperatures and oxidant dosage. The



initial total solids and volatile solids amongst other factors were kept constant. The aim of
the study was to better understand the optimal operating conditions to produce sludge with
different qualities. One of the outputs of sewage sludge processing is biogas production and
understanding these interactions can lead to the optimization of gas production.

Ulutas [18] examined the forthcoming energy scarcity predicted for Turkey. The Analytical
Network Process (ANP) method is applied to identify which technologies are most
preferable for Turkey to satisfy national energy demand in to the future. The aim of the
study was to make recommendations for policy makers when structuring future energy
policy. The case study finds that biomass is the most preferable resource and technology for
this context allowing a gradual replacement of traditional wood energy towards more
modern biomass such as biodiesel and bioethanol.

Doukas et al. [19] applied the PROMETHEE Il multi-criteria decision making (MCDM) method
to select between policy interventions for Greece which intended to introduce greater
renewable generation. The technologies considered included fuel cells, biomass gasification
and co-firing, wind power, PV and the use of fossil fuels. Several possible future scenarios
were then created based on future needs and requirements (Basic, Pessimistic, Optimistic
and Unstable depending on various possible domestic and international factors). The criteria
identified are categorised under the four dimensions of Economical, Technological,
Environmental and Social. The overall conclusions of the Greek case study were that
emphasis should be placed on indigenous resources such as lignite, wind and biomass.

Begic and Afgan [20] also used environmental, economic and social indicators for a multi-
criteria assessment, this time for the renovation of a thermal power facility in Bosnia &
Herzegovina. This study compared the rank of preference when using either a sustainability
index to select the preferred technology or using an investment biased selection criteria.

Zhou et al. [21] presented a method to select between several fuel types including
bioethanol and blends using biofuels. The multi-criteria analysis used life cycle cost, global
warming potential, net energy vyield and the potential for non-renewable resource
depletion. The method used an aggregating function known to combine relative weightings
of each criterion against the impacts of each fuel type. The study explored the impact of
changing the relative weightings of each criterion.

Terrados et al. [22] used a multi-criteria analysis along with a SWOT analysis method to
contribute to a report on regional development in Spain. Large biomass resources were
identified as one of the major strengths for the region when looking to meet criteria
regarding domestic provision of renewable energy.

Cherni et al. [23] presented a multi-criteria decision support system called SURE DSS
(SUstainable Rural Energy decision support system) to select between eight different energy
supply technologies . Using this method the technology options are scored against the
categories of Physical, Financial, Human, Social and Natural impact. SURE DSS allows
decision makers to examine the impact of installing different energy options on the
livelihoods of local communities. The presented case study is set in a rural Columbian
community.

Madlener et al. [24] used PROMETHEE to compare five different scenarios which assumed
different proportions of electricity and heat produced by various mixtures of renewable
technologies. One scenario was described as “Extensive use of Biomass”. A mixture of



gualitative and quantitative criteria is used to define the preferable scenario with expert
opinion used to give each scenario a final score.

Afgan and Carvalho [25] used a multi criteria method based on a measuring parameter
described as a general index of sustainability. The general index method requires the
formation of an aggregate function using the weighting of different indicators. This method
was used to evaluate the sustainability of different renewable energy technologies when
used together, for instance PV with Wind technologies. The evaluation uses an economic,
environmental and a social indicator set to evaluate sustainability. The study compares five
contrasting energy systems which are evaluated in seven different cases where different
coefficients are given different weightings. The coefficients used are electricity cost,
investment cost, NO, emissions, CO, emissions, efficiency and electricity cost.

Buchholz et al. [26] reported on a comparative review of several decision support systems
when applied to a case study in Uganda. The study had a focus on multi-stakeholders and
their roles in the decision making process. The multi-criteria decision tools used were
SuperDecisions, DecidelT, Decision Lab and NAIADE. The study aimed to make a decision
which would result in the most sustainable choice being made and found large variation of
results from the various tools used. However social criteria were, in this case, always
identified as being decisive to the outcome of each process.

Karagiannidis and Perkoulidis [27] combined the ELECTRE Il decision method with fuzzy set
logic to select between several different anaerobic digestion (AD) technology choices. The
criteria used for the selection were greenhouse gas (GHG) emissions, recovered energy per
tonne, recovered material per tonne and operating cost per tonne of feedstock. The study
was completed for a case study waste stream identified in Greece.

Mohamadabadi et al. [28] also used the PROMETHEE method but this time to make a
selection for fuels to be used in vehicles. Non renewable fuels were considered along with
biofuels, electric-hybrid and compressed gas. Different criteria were then weighted against
either an environmental scenario where more emphasis is placed on environmental
outputs, or a cost scenario. The authors found that biodiesel fuel followed only the hybrid
electrical choice for the environmental scenario. This paper also included a sensitivity
analysis allowing the authors to identify which criteria were most important for the output
ranking.

McDowall and Eames [29] examined the hydrogen economy using a multi-criteria mapping
approach to decide between six potential hydrogen energy systems for the UK. The method
involves moving through a decision structure from discussion of possible visions for future
hydrogen economy through a conversation regarding uncertainty and finally to determine
weighted preference ranking of the various different visions. Several of the visions for a
hydrogen future economy suggested by the participants of the research involved the use of
biomass resources to produce hydrogen. The various visions were given weightings by
industry experts and the results vary to a greater or lesser extent across participants.

Ridolfi et al. [30] in a similar field to [29] evaluated different methods for producing
hydrogen using different feedstocks including wood chips. The processes were evaluated in
terms of exergy, emergy and economic analysis with each method of evaluation
recommending a different conversion route.



Terrados et al. [31] too used the PROMETHEE method along with a Delphi method for
evaluating policy for planning in a region of Spain. The study aim is to produce a
recommendation for the policy measures which will result in the most sustainable
development. Criteria used in the analysis were banded under environmental and socio-
economic themes. Expert opinion was included through the use of the Delphi method.

Evans et al. [32] compared three technology types using either dedicated or residual
biomass to determine which combination of biomass and technology is considered most
sustainable for electricity generation. The criteria used for sustainability were categorised as
CO,, availability, limitations, land and water use and social impacts. The paper concludes
that using hardy crops on marginal or unusable land performs best against the sustainability
criteria defined. The use of fertiliser is also highlighted as having negative sustainability
impacts.

Kaya and Kahraman [33] applied an integrated VIKOR (VISekriterijumsko KOmpromisno
Rangiranje)-AHP method to select between different renewable energy technologies for a
region of Turkey, the study then uses the same method to select the best location for the
chosen technology out of a choice of six different locations. This method deals with the
uncertain and vague opinions of energy policy decision makers using the AHP part of the
method and interviews with decision makers, whilst the VIKOR process which is
supplemented with a fuzzy methodology is used to make the selections.

Browne et al. [34] assessed different scenarios as informed by policy on the residential
heating and electricity consumption for a city region in Ireland. The NAIADE software was
used to complete a multi-criteria decision analysis (MCDA) and a mixture of qualitative and
guantitative criteria were used for the assessment. An ecological footprint analysis for the
same scenarios was also presented to allow for a comparison. The two methods found the
same scenario as most preferable but gave different rankings of the remaining scenarios
leading the authors to recommend that several different decision tools should be used
when deciding upon policy measures or incentives.

Theodorou et al. [35] also used multi-criteria decision making to make recommendations to
policy makers with the aim of comparing three different decision methods, AHP,
PROMETHEE and ELECTRE. Here policies for incentivising PV deployment in Cyprus were
assessed against the criteria of maturity, initial investment cost, efficiency, potential and
public acceptance. The paper concludes that the multi-stakeholder nature of the
government department makes AHP too involved and that the ELECTRE method is
preferable given its flexibility.

Oberschmidt et al. [36] also applied the PROMETHEE method for technology selection. In
this study various alternatives for provision of heat and power in a municipality in Germany
were compared. The findings report that when considered over the lifetime of the plant
using a lifecycle analysis approach renewable technologies can compete with fossil fuel
technologies for this application.

Jovanovic et al. [37] examined a district heating application in Serbia with regards to using a
blend of technology choices including biomass with either solar or natural gas for hot water
provision. The analysis focused on five technologies and compared against a complex set of
sub-criteria in a multi-criteria analysis. The approach taken avoids allowing the definition of
‘sustainability’ to be determined by the analysts involved and rather uses a set of energy



indicators. This has the advantage that the decision would be consistent across similar
schemes regardless of the personnel involved in decision making.

Pokoo-Atkins et al. [38] investigated the conversion of fatty-acid wastes into biodiesel. A
specialist piece of software called ASPEN plus was used to model the chemical processes
involved. A safety index and a set of techno-economic criteria were used to compare
different process paths. The results are found to be dependent on the inclusion of safety
concerns rather than any other criteria.

3.2 Optimization of problems with many alternatives

Problems which select from many or infinite options are more orientated towards
mathematical optimization techniques which seek to create some objective function which
is then maximized (profit) or minimized (cost) accordingly. The objective function can be
used to incorporate multiple objectives by incorporating a weighting of different criteria to
the objective function equation or a relevant penalty for attributes to be minimized [39].
Linear programming techniques are frequently used in these models although usually in
combination with some method to develop criteria weightings and compare for overall
success.

Suganthi and Williams [40] looked at ways to determine the optimal blend of renewable
energy provision considering differing end users in the context of 2020 India. The study
identifies critical parameters from which policy should be formed, and then uses an
optimization model to compare various different 2020 scenarios.

Ayoub et al. [41] used an evolutionary algorithm in the setting of Japan to identify the
solution for a resource assessment of biomass. The created decision support system (DSS)
also determines which sources should be sourced from and how much should be taken from
each. The DSS combines optimization algorithms with geospatial information on the location
of resources and includes information on supply chain length between raw material and the
conversion stage. The system is able to optimise for either energy efficiency, total cost, CO,
emissions, or to maximise employed labour hours. The authors highlight that further
research will look to simultaneously optimise these objectives in a single integrated DSS.

Bastin and Longden [42] also used Geospatial Information Systems (GIS) to model the
location of biomass resources within a region. This study models waste arisings using data
from the UK census and uses the results of that analysis to identify suitable locations for
Energy from Waste (EfW) plants. The GIS system is also then used to allocate each domestic
waste source (household level) to a particular waste treatment facility. The allocation is
done by distance alone and a set of social, economic and environmental criteria taken from
[43] are given weightings in the multi-criteria analysis which impacts on the selection of
suitable locations.

Afgan and Carvalho [15] used indicators for environmental, economic and social impacts to
deal with the sustainability evaluation of different combinations of renewable technologies
including biomass. The method allows the most sustainable hybrid combination of
technologies.

Beck et al. [44] used optimization methods to set a target for energy planners and policy
makers by choosing a preferred pathway of biomass conversion. The optimization method
used techno-economic, environmental and social criteria and looks at the behaviour of



different agents within the network influencing the final energy mix. The method is tested in
a South African case study.

Brown et al. [45] presented a technical paper where multi-objective methods are used to
assess the trade-off between cost and efficiency of a 20MW thermal wood gasification
process.

Gassner and Marechal in [46] and [47] used evolutionary multi-objective optimization
methods coupled with models of energy and finance flows to model technical operation of
production processes. [46] presents a method to optimize the production of biofuel while
[47] looked at optimizing the production of biogas from lingocellusoic material.

Herran and Nakata [48] used four attributes, electricity cost, employment, land use and CO,
emissions to make a decision on the optimal system configuration to meet electricity
demand in an off-grid rural location. A goal programming algorithm is used to select the
most suitable technologies to be used in this context.

Huang et al. [49] presented a model to assist with the planning of a bioethanol supply chain.
A mathematical model is presented which is able to consider spatial and temporal
information on the supply chain whilst satisfying resource demand and technology
constraints and minimizing supply cost. The model is applied to a case study in the USA and
finds that through careful configuration of the supply chain costs can be significantly
reduced.

Rentizelas et al. [50] presented a decision support system for a multi-biomass system. This is
unusual as most studies consider only a single, or two fuel types. The paper aims to assist
with decisions around the design of a district heating and cooling network to optimize
financial yield within multi-criteria constraints including social and regulatory aspects. The
model is tested in a Greek context.

Stanojevic et al. [51] examined the environmental impact of energy generation from a green
accounting perspective. In this context this involves translating the environmental impacts
of an energy provision scheme into a monetary penalty for the operator. This paper uses 44
criteria which should either be minimized or maximized to give the lowest environmental
cost, 26 of the 44 criteria are financially focussed. The study finds that biofuel fired
combined heat and power (CHP) plants are most favourable and that their advantage
increases over fossil fuel equivalents when financial criteria are ignored.

Ren et al. [52] gave a recommendation for the optimal energy system that could be used in
Japanese residential buildings. The study used a multi-criteria analysis combined with linear
programming techniques to make the decision along with the application of PROMETHEE
and AHP to select between options. The study also includes a sensitivity analysis using 10
different scenarios and is able to examine four assessment criteria. In a related study Ren et
al. [53] used a similar linear programming model to help with the design and evaluation of a
biomass combined cooling, heat and power (CCHP) system. The model is able to optimize
for the capacity of plant that will be required depending on demand side characteristics of
the heat load. This model is tested in a Japanese building as a case study.

Vera et al. [54] solved the problem of where to locate a conversion facility using a binary
honey bee foraging method. This determines the optimal location, where the supply area
should be and the size of the plant to give the maximum profitability. The study also
compared with genetic algorithm and particle swarm optimization approaches.



3.3 Predictive models

The category of predictive models covers those studies which aim to model future scenarios
of a given system. A predictive model will simulate the future based on the various factors
of interest being modelled. For instance future events such as economic growth and energy
demand may be simulated in order to calculate CO, emissions, cost or other criteria given a
certain energy technology blend.

Rozakis et al. [55] developed a multi-criteria model to assist the French government in
making choices around the best policy for the French biofuel industry. A multi-level mixed
integer linear programme is used to model the 450 participating arable farms. The model is
able to predict the impact of different policies on the cost of biofuels. In a following short
communication Sourie and Rozakis [56] reported on a model that allows micro-economic
analysis of the biofuel industry using a multiple supply chains or sources. The approach is
described as environmental economics and contains several criteria. Multi-criteria analysis is
discussed for the approach which is described as environmental economics. This short
communication is aimed at informing policy makers on the use of tax as an incentive for
biofuel development.

Diakoulaki and Karangelis [57] examined many policies the Greek government could support
to alter energy provision mix in the country. A set of scenarios are assessed in a multi-
criteria analysis against social, environmental and economic criteria. Each scenario specifies
the blend of new and future total energy mix and makes suggestions as to the impact of
supporting different technologies.

Briceno-Elizondo et al. [58] used a multi-criteria analysis model to simulate the Boreal
Forrest over 100 years. This study uses stochastic input data and a stochastic treatment of
alternatives to produce a measure of utility as defined by a previous model. A Monte-Carlo
analysis is used to evaluate eight different Forrest treatment programmes against the
objectives leading to utility, including Timber production, CO, and biodiversity.

Mander et al. [59] reported on part 1 of the Tyndall decarbonisation scenario project and
outlines various pathways for the UK to realise a 60% reduction on 1990 greenhouse gas
(GHG) levels by 2050. This paper gives a description of the methodology which will be used.

Anderson et al. [60] reported on part 2 of the same scenario modelling exercise by the
Tyndall centre. This paper applies multi-criteria analysis to examine the impact of several
different demand scenarios. The criteria used cover economic, social and environmental
issues and the study finds that the higher demand scenarios have a greater negative impact
on climate change.

3.4 Qualitative methods

This category of problems covers those papers which apply qualitative data collection
methods to investigate and solve challenges around bioenergy. These methods are well
suited to the multi-criteria approach this review examines as it allows for a depth and
breadth of opinions to be captured. Several studies use qualitative methods to collect
requirements or criteria before converting these to weightings which can be used in
combination with the methods described above.

Shackley and MclLachlan [61] looked at the North West of England using a multi-criteria
assessment approach to collect views from stakeholders regarding a set of possible



scenarios for future energy supply. The paper reports on the criteria identified by the
stakeholders who were interviewed. The nine identified criteria were then grouped under
the wider headings of environment, socially focused and business focused criteria.

Elghali et al. [62] took a slightly different approach to many other researchers in the field by
moving away from assuming a single decision maker analysis and absolute objectivity with
common scales and typically heavy data requirements. Instead a paradigm from Rosenhead
and Mingers [63] is used which works towards seeking alternative solutions that are
acceptable without demonstrating trade-offs and accepting that uncertainty will exist. This
approach seeks a solution rather than an optimal and the Elghali et al. [62] study used the
approach to model a life-cycle perspective of the supply chain of willow for energy. The
study concludes that the created framework can be used as guidance to development of
supply chains recognising social and environmental impacts as well as socio-economic
barriers to development.

Buchholz et al. [10] examined how a DSS could be used to decide on the most suitable
technology to satisfy sustainability criteria as determined by the stakeholders in the system.
The authors discuss combining a multi-criteria analysis with systems thinking to provide the
basis of a holistic decision tool. The study used results from stakeholder workshops to feed
into an optimization DSS, allowing stakeholders to partly define their own definition of
sustainability. The proposed DSS is intended to assist at the planning stage helping to select
locations and technologies to best encourage sustainable development.

Upham et al. [64] looked at policy issues around biofuel use in a UK context at a regional
level. The study collects the opinions of key stakeholders within the bioenergy industry and
government as well as members of the public. The findings show that overall stakeholders
preferred the option of combined heat and power (CHP) plants run on biofuel due to higher
overall efficiency and perceived improvement in local employment.

Jablonski et al. [65] treated the qualitative assessment of market segments as a multi-
criteria analysis. The study examines the interactions between market segments through a
gualitative score code. The paper proposes a framework involving dividing the heat market
into segments based on fuel supply options, identifying key factors affecting the uptake of
bioenergy for each segment, classifying those factors to identify barriers and finally
identifying those which can be overcome. The results show a massive variation in market
potential but that the most suitable heat market segment would be the residential segment.

Atwell et al. [66] presented the outcomes of a workshop held with key policy makers on the
agricultural sector of the USA. The workshop aimed to discuss how agriculture and
governing policy can be used to adapt to the rapid changes taking place due to increased
energy crop growth. The aim of policy in this area is to meet the multi-objective social needs
of private land owners in the face of this rapid reorganisation.

3.5 Others

The below papers appear in the literature search outlined in the method section 2 but do
not directly apply the methods referred to in Table 2. They therefore appear here in an
others section.

Thornley [67] presented a detailed discussion on the use of biomass for power generation in
the UK. The paper divides the ‘benefits’; and ‘consequences’ of using biomass for electricity



generation into environmental, social and economic categories. The study also discusses
how different policies and incentive mechanisms can sit within the bioenergy industry.

Ghilardi et al. [68] used a geospatial information system to identify the locations of supply
and demand of wood fuel in Mexico for residential use. The paper identifies hot spots of
supply and shortage around the country. In a follow up paper Ghilardi et al. [69] identified
locations for fuelwood use and availability based on a set of six indicators.

Raven et al. [70] mentioned multi-criteria analysis as a suitable method for conflict
resolution in established projects where conflict already exists. The paper presents a slightly
modified method for avoidance of conflict at the planning phase of an energy project. In this
study conflict is discussed in terms of social acceptance by the general and wider public.

Minster and Lund [71] selected a suitable energy from waste (EfW) technology for biogas
and biofuel production including gasification technologies. The paper uses a so called energy
system analysis which allows a direct comparison between technologies based on the focus
of the decision maker. The focus could be CO,, sustainability metrics, cost or efficiency
amongst others as defined by the decision maker. The authors propose that the outputs
from this method would be suitable for use in other decision tools such as cost-benefit or
MCDA.

4 Which methods are most frequently applied

Table 4 shows the category of method most frequently applied to bioenergy problems was
found to be optimization methods with 71.9% of all the reviewed papers using some form of
optimization process. This is perhaps to be expected as the multi-criteria decision making
techniques sit most comfortably within the decision sciences discipline. These papers were
split fairly evenly between those that used algorithms to select from many or infinite
options and those that selected from a limited number of options.

7 papers used qualitative techniques to gather and analyse primary information and these
studies were able to focus on identifying success criteria and collect detailed opinions of key
stakeholders in bioenergy systems.

6 papers used simulation or predictive models to draw conclusions on the future pattern of
renewable implementation or energy use. This includes two papers by the Tyndall Centre on
future scenario development for climate change and renewable energy technologies in the
UK.

Table 4: Methods used

Method Category Number of Percentage | References
papers of papers
collected
Optimization of problems with few 25 43.9% [14-38]

alternatives

Optimization via algorithm 16 28.1% [41, 42, 44-
54, 68, 69,
72]




Qualitative/stakeholder interview 7 12.3% [10, 56, 61,
62, 64-66]
Predictive models 6 10.5% [40, 55, 57-
60]
Others 3 5.3% [67,70, 71]

Figure 1la and Figure 1b show the breakdown of which methods have been used for each
application area. Optimization by algorithms has the greatest range of applications being
used for 9 of the 11 possible categories, whilst technology selection is most popular
problem addressed. The environmental issues category does not appear as no paper deals
only with that topic. Environmental issues of course do appear in the literature however
such studies have been categorised under sustainability as these studies also investigate

economic and social issues.

Figure 1b shows that the most common method used was optimization from few
alternatives. This method was most frequently applied to the technology selection problem.
Optimization using algorithms was the next most applied method with a higher proportion

of these papers addressing operational issues.

30

» 25

a8

s 20 &

o

[T

© 15

| =

a8

g 10 B

-

Z 5

0 A = B m B

sa.@g-gsga
T © & 2 & ® o £
¢ O ®©®© @ c o un £
o cC % o 0o 3]
& g 2 § - ke
5 20
o) w
©
c
-
®
|_

Figure 1a: Number of papers addressing a certain problem.
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Figure 1b: Number of reviewed papers using a particular method.

5 Which problems attract the most attention

The most commonly studied problem in the reviewed literature was that of selecting which
technology to use, or incentivise. 23 papers (27.1%) addressed this problem by either
comparing between renewable technologies (biomass vs. wind) or between renewable and
non-renewable technologies or between types of technology or equipment within a
technology type (different types of Anaerobic Digestion AD technology for instance).

The second most popular application regarded the problems around policy and legislation or
legal issues with 17.6% of all reviewed papers. These papers either aimed to measure the
impact of a certain policy or to make recommendations to policy makers, here again the
most common combined problem was technology selection [16, 18, 19]. Three of the 15
studies were aimed at Greek policy makers and two at UK climate change policy.

Sustainability was the next most common topic for multi-criteria studies to address with
14.1% of the collected studies mentioning the measurement or consideration of either
sustainability, or alternatively all three of economic, social and environmental issues.
Because sustainability relies on the relationship and trade-off between these three pillars of
sustainability the application of multi-criteria decision making and multi-criteria analysis
would appear to be ideal. However difficulties will always arise in such approaches as,
eventually, the MCDA requires some expert, user or knowledge database to specify how
each aspect of each of these three pillars should be traded against any other. What is the
monetary cost of each job created and sustained, what is the CO; equivalent per year to that
job? Several studies in this area take an approach which, rather than finding an absolute
solution using some measurement of sustainability, aims to maximise sustainability as
measured against a user definition of sustainability. There then appear to be two methods
for examining sustainability of bioenergy systems; on one hand assuming that sustainability
has global indicators which are true regardless of context (CO,, economic sustainability), on
the other hand trusting local actors to make accurate decisions regarding sustainability of a



system from their own viewpoint. In the second case responsibility lies with the decision
maker to fully understand a truly sustainable system. In the first case detail is lost at the
local level with decisions made to fit a wider agenda than those stakeholders affected.

The most common combined application was technology selection combined with
sustainability. For instance Afgan and Carvalho [15], Buchholz [26] and Jovanovic [37] all
used the measurement of some sustainability impact or index to compare different
technology alternatives against. This allows the most sustainable or least unsustainable
technology to be selected.

Table 5: Summary of applications addressed

Problem Number of Percentage of | References
papers papers
addressing collected
problem
Technology 23 27.1% [10, 14-21, 23, 25-
Selection 28,32, 36, 37, 40,

48,52,57,64,71]

Policy 15 17.6% [16, 18, 19, 22,
30, 31, 34, 35, 55-
57,59, 60, 66, 67]

Sustainability 12 14.1% [10, 15, 21, 24-26,
29, 32, 33, 37, 48,
62]
Operations 9 10.6% [29, 30, 41, 49,
50, 68, 69, 72, 73]
Economic 7 8.2% [27, 45, 49-51, 56,
72]
Social 6 7.1% [40, 55, 61, 64,
66, 70]
Location 5 5.9% [33, 42, 54, 68,
69]
Technical 4 4.7% [17, 45-47]
Capacity 1 1.2% [53]
Environmental 0 0.0% N/A

Others 3 3.5% [44, 58, 65]




6 Other observations of the reviewed literature

6.1 National contexts of studies

Many of the papers identified and reviewed have some national context against which the
proposed method is assessed through case study, alternatively some research is national or
regional by nature, recommendations on policy for instance are dependent on the national
context of a particular country. From Figure 2 63.0% of the research that was applied in a
regional or national context examined European countries. Table 6 shows that the UK and
Greece are the most popular nations for studies although it should be noted that there are
two Tyndall centre studies [59] & [60] which both concern UK climate change policy whilst
several of the Greek studies are a result of rapidly changing government legislation.

= European
= Americas
= Asian

= African

Figure 2: Research context addressed by the reviewed literature

Table 6: Number of reviewed papers using different national contexts

National context Number of studies
UK 9
Greece 6
Japan, Spain 3
USA, France, Mexico, Turkey 2
Austria, Bosnia, Columbia, Cyprus, Denmark, 1
Finland, India, Ireland, Sardinia, Serbia, South Africa,
Uganda




6.2 Date of publications

Figure 3 shows the number of papers in this review published in each year. The rate of
publication increases in towards the end of the decade. This could reflect the increased
interest in bioenergy in general by policy makers but also by developers and the power
industry who are increasingly reactive to policy changes and incentives. The increase could
also mark a movement away from the single criteria treatment of bioenergy problems and
towards increased use of multi-criteria methods.

Date of publication
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Figure 3: Publication date of the reviewed articles

6.3 Publishing journals

Figure 4 shows that a few journals have published several articles which appear in this
review. The top five publishing journals are shown with the remaining 22 reviewed articles
being published in a wide variety of other journals including Applied Energy, Land Use
Policy, Computers Environment and Urban Systems and the Journal of Environmental
Management.

The dominating journals reflect the interest in policy and technology selection identified in
section 5.



Publishing Journals

14
12

—
oNnPOO

Energy

Energy Policy
Biomass and
Bioenergy

Renewable and
Sustainable Energy
Reviews
International Journal
of Energy Sector
Management

Figure 4: Journals publishing reviewed papers

7/ Findings and Future research

Future work is required to fully address the requirements of the bioenergy industry through
research, the contributions to date show a sound understanding of the impacts of decisions
made regarding bioenergy scheme design and technology selection. Deployment of
bioenergy in developed countries is expected to increase in the coming years as carbon
reduction policies and targets begin to gather force. This industry growth will need to be
well managed to ensure a sustainable industry is developed. Much of the reviewed
literature appears to aim to influence and recommend to policy makers rather than address
problems regarding location selection, supply of fuel or capacity selection using multi-
criteria methods. These operational and development issues are suitable for multi-criteria
treatment and such methods could allow for more successful and efficient developments.
Future work should engage clearly with current developments in the bioenergy industry to
identify relevant problems during the implementation and design phases.

There are gaps in the breadth of literature regarding bioenergy systems. Of the categories
used in this review the areas that have not received significant attention from the MCDA
literature can be seen as being management or operational issues. These are determining
the best plant capacity (1.2%) managing and understanding the social impact of schemes
(7.1%), determining the best location for facilities (5.9%), understanding and optimising the
economics of schemes (8.2%) and issues regarding the operation of the plant (10.6%). These
problems are addressed in other works but not using multi-criteria methods. Future
research should aim to address these issues in a more complete way and create a basis for
best practice in the bioenergy sector to be developed.

Regarding the management of operational and project planning issues around bioenergy
schemes. Biomass supply chains have previously been identified as an obstacle to project
finance and project success [8, 74, 75] but have not received the same focus from multi-
criteria methods as other barriers to implementation such as technology choice or policy
choice. These gaps could be addressed using existing multi-criteria methods from



management science and principles of supply chain management. Supply chain issues have
been studied using single criteria approaches for the bioenergy sector by several authors
[76-79] and in several similar sectors [80-82] although only Ayoub et al. [41] applied a multi-
criteria approach, material supply chains are a key barrier for bioenergy deployment where
multi-criteria methods could be applied. There are of course unique aspects of bioenergy
supply chains which may not be suitable for traditional methods and may require novel
treatment. In the operational category many decisions made in the design of fuel supply
chains could be handled using MCDA methods including the sourcing, allocation and
movement of biomass.

Regarding instances of opposition to bioenergy schemes from various stakeholders there
are a diverse set of concerns and priorities [70, 83] including social, financial, environmental
and health impacts. These types of problems could be addressed using MCDA methods such
as goal programming with AHP to find a scheme that satisfies these concerns whilst
ensuring the scheme design is feasible and economically viable.

This review has used search terms revolving around the bioenergy industry only. It is likely
that methods exist in other industry sectors which could be suitable for addressing the
problems being faced by the Bioenergy industry at present. For instance, the paper and
wood pulp industries have a well-understood supply chain and the waste management
literature may hold keys to making decisions about the treatment and movements of other
types of biomass materials. These sections of the literature are not included in this review as
indicated by the title and this could become a focus of future work as there is likely a wealth
of potential cross over between application areas.

8 Conclusions

This paper has reviewed the relevant literature which uses MCDM techniques in the
context of decision making around bioenergy schemes. This review identifies the rapidly
expanding body of literature which contribute towards realising a best practice approach to
the design and operation of bioenergy systems with 46 of the 57 (80.7%) reviewed papers
published between 2007 and 2010. However shortcomings remain in the breadth of
literature which could be addressed through further MCDA research. Additionally many of
the problems are not mature in the industry itself which has resulted in a case by case
approach from academic research, each paper solving a particular problem without being
able to interact with complimentary literature.

For bioenergy systems to properly be considered as multi-criteria problems it is necessary
that all suitable aspects are examined from a multi-criteria perspective. This review
identifies that works using MCDA in the bioenergy sector to date are not balanced against
the potential applications of such methods nor do they currently fully address the problems
faced by the bioenergy industry. Whilst MCDA methods may be easiest to apply to certain
sub-problems of the bioenergy industry they may give more helpful support when applied in
combination to obtain a truly optimal design from the viewpoint of all stakeholders. The
intention of this paper is to systematically classify the existing literature which applied
multi-criteria methods to the bioenergy industry and provide a direction for future research
on supporting the design of existing and future bioenergy schemes. The main suggestions
for future work are twofold. Firstly that a better understanding of optimal system
configuration could be realised by integrating multi-criteria methods and applying such



methods to more decisions in the development process; and secondly that there is scope to
expand the use of MCDA methods in bioenergy allowing a better understanding of trade-
offs being made in decisions.
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