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Abst r act

The devel opnent of renewabl e energy sources appears as a neani ngful
initiative for enhancing the fragile global energy system with its
l[imted fossil fuel resources as well as for reducing the nunerous
related environnental problens. Anongst others biomass energes as a
viable alternative for energy production. However, one of the nopst
important barriers in increased bionmass energetic utilization is the
cost of its respective logistics operations. Wat differentiates
bi omass supply <chains (BSCs) from other supply chains is the
significance of factors such as product quality as related to energy
production technol ogy, weat her related variability, | ocal i zed
agricultural capacity and seasonality, and stochasticity of denand.

In this work, we present a holistic approach that takes into account
the nmajor aspects in the design and aggregate planning of agricultural
waste BSCs developed for energy production. W propose a nodelling
framework that captures the conplexity of the decision-making process
for the design and operation of sustainable, conpetitive and reliable
bi o-energy networks, while tackling jointly strategic and tactical
decisions. An extensive critical literature review of quantitative-
based bi omass supply chain nodelling efforts is presented and through
our analysis, we diagnose some of the future requirenents for
nodel I i ng biomass supply chains. Finally, we sum up wth conclusions
and suggest areas for future research.

Keywor ds: biomass logistics, biomass supply chain nmanagenent,
aggregat e pl anning, energy production
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| nt roducti on

The devel opnent of renewabl e energy sources appears as a neani ngful
initiative for supporting the fragile global energy system with its
limted fossil fuel resources as well as for reducing the numerous
related environnental problenms, such as atnospheric pollution,
acidification and the emi ssion of greenhouse gases (Gol denberg, 2000;
Ri chardson and Verw jst, 2007). Cearly, biomass utilization energes
as a viable alternative for energy production (Veringa, 2006). The
different sources of bionmass can be used for different applications by
different nmethods (Jager-Waldau and Ossenbrink, 2004), but primrily
they are wutilized for energy production. Energy production from
bi omass represents an inportant elenent within a European Union’s
energy plan based on renewable resources which calls for an increase
in the proportion of RES in the primary energy supply from 6% (1996)
to 12% (2010) (European Conmmi ssion, 1996). Several studies have been
performed to forecast the contribution of biomass in the future energy
supply, both at a regional and at a global level, as for exanple in
references (Berndes et al., 2003; Yamanoto et al., 2001; Parikka,
2004) .
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One of the nost critical bottlenecks in increased biomass utilization
for energy production is the cost of the respective |logistics
operations. The rising demand for biomass and the increasing
conplexity of the multi-level involved supply systens outline the need
for conprehensive bionmass supply chain managenent (SCM approaches.
The requirenents with respect to bionmass supply in terms of quality
and quantity can differ substantially, depending on the energy denmand
trends, the energy production technology, the end use of the power
generated and, at the same tine, on the cost-efficiency and
feasibility of its logistics operations. Certain paraneters can also
limt the effectiveness of biomass production systens including
| ocalized agricultural capacities and seasonalities. To that end, SCM
bears the <challenge to develop solutions adapted to uncertain
paraneters, taking into account additional local and inter-regional
conditions and constraints, such as the existing infrastructure,
geographi cal allocation of collection areas and/or conpetition anong
several consuners.

This paper focuses on nmmjor aspects of the design and aggregate
pl anni ng of waste biomass supply chains (BSCs) devel oped for energy
production. At first, the supply chain conponents and the distinctive
characteristics of such networks are summarized, while the decision-
nmaki ng process for the design and planni ng of sustainable, conpetitive
and reliable bio-energy networks is addressed. Follow ng we discuss
advanced supply chain planning systenms and provide an extensive
critical literature review of quantitative-based biomass supply chain
nodelling efforts. The nobdels are classified according to relevant
features, such as the optimzation approaches used, the type of
bi omass studied and the stochasticity of paraneters, anobng others.
Finally, we sum up with conclusions and suggest areas for future
resear ch.

Pl anni ng nodel s for biomass supply chains: A review
Bi omass supply chains

Bi omass supply chain networks for energy production enconpass five
general system conponents: biomass collection (from single or severa
| ocations), pre-treatnment (in one or nore stages), storage (in one or
nore internmediate locations), transport (using one or multiple
transportati on nmeans across a nunber of consequent echelons) and
ener gy conversion.

Bi omass supply chains present several distinctive characteristics that
diversify it from a typical supply chain. Specifically, agricultura
bi omass types are wusually characterized by seasonal availability
(Skoul ou and Zabaniotou, 2007) and thus there is a need of storing
| arge anpbunts of bionmass for a significant time period, if year-round
operation of the power plant is desired. The nmnulti-biomass approach,
as long as products have simlar characteristics and fuel properties,
may snooth significantly problens that stem from seasonality
(Rentizelas et al., 2009b). Bionass is also characterized by |ow
density, leading to increased transportation and storage requirenents,
custom zed collection and handling. O her inportant characteristics of
such products include Ilimted shelf life, demand and price
variability, weather related variability, which nake the underlying
supply chain nore conplex and harder to manage. This conplexity of
bi omass supply chains is even nore critical for perishable biomass
products, where the transportation tine of the products through the
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supply chain and the opportunities to use inventory as a buffer
agai nst demand and transportation variability are severely limted.
This conplexity is conpounded when the supply chain enconpasses two or
nore countries.

Theoretically, a large nunber of bioenergy chains can be envisioned
It is inportant to obtain insights in the effects of all |ogistics
variables on the total cost and energy consunption of bioenergy
chains. This would allow for the identification of best configurations
for bioenergy supply systens, as well as inprovenent options. The key
variables of biomass logistics systens have been identified in
specific studies, investigating strategically the interdependencies
between them and their effect on supply chain efficiency and cost
(Mtchell et al., 1995; Allen at al., 1998; N lsson and Hanson, 2001
Harmel inck et al., 2005, Caputo et al., 2005). Their analysis could
support strategic and tactical decision-making on bionass supply
chai ns.

Background of BSCs pl anni ng and nodel | i ng approaches

The structure of global market for biomass and the associated supply
chains is not static. On the contrary, a drastic transformation is
currently undergoing. Traditionally, biomass has been used for energy
(mainly thermal energy) production in areas of close proximty to its
production areas. However, an energing practice for energy producers
is to purchase biomass from several suppliers (sonetines by inporting
it) to build the necessary critical mass for building an efficient
energy production facility. The increasing conplexity of this system
inmplies a need for adopting nore sophisticated supply chain planning
and coordinati on nethodol ogies that have been successfully used in
traditional supply chains. For instance, the academ c and practice-
oriented literature on increasing the efficiency of supply chains is
anple (see e.g. Vidal and Coetschal ckx, 1997; Sarm ento and Nagi
1999; M n and Zhou, 2002; Meixell and Gargeya, 2005).

However, inplenenting well-established supply chain practices to BSCs
is not easy, since biomass supply chain is characterized by
significant supply and demand uncertainty, as well as by perishable,
of ten bul ky, seasonal products. Thus, in order to adequately plan the
operations in BSCs it is necessary to fornulate specific planning
nodel s that incorporate issues such as harvesting policies, marketing
channels, logistics activities, vertical coordination, and risk
nmanagenment, sinmlar to issues regarding fresh agricultural products
(Epperson and Estes, 1999).

Assessing BSCs for bio-energy production involves a conplex hierarchy
of decision-making processes under uncertainty. For the optinm
design, planning and coordination of these supply chain networks,
deci sions have to be classified according to the natural hierarchy of
the decision-naking process, narnel y: strategic, tacti cal and
operational (Sinchi-Levi, 2003; Chopra and Meindl, 2003). In Figure 1
the design and planning procedure of BSCs is depicted, along wth
coordi nation and data fl ows between them
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Figure 1: Design and planning of BSCs in strategic (S), tactical (T)
and operational (O

Decisions at the strategic |level include indicatively: Biomass supply
and denmand nanagenent, selection of collection sites and conversion
facilities, choice of suitable energy conversion processes, design of
the supply chain network, selection of collection, pretreatnent and
storage equipnment, conversion facilities’ equipnment, information
technol ogy systens, as well as sustainability of bionmass supply
networks. At this level, nost decisions affect operations and inpose a
set of constraints to the |ower decision-naking |evels. Decision-
nmaking on the tactical and operational level is simlar to that of

traditional supply chain nmanagenent. The tactical |Ievel includes
nediumterm decisions such as aggregate planning, supply chain
coordi nati on, i nventory nanagenent or fleet nanagenent . The
operational |level includes day-to-day decisions, such as inventory

control, or second-stage pre-treatnment operations into the facility
(lakovou et al., 2009).

A taxonony of literature review

In the present research we review those supply chain planning nodels
focused on strategic and tactical decisions and specifically on the
design and aggregate planning of BSCs. From a nodelling perspective
the nodels for supply <chain planning can be <classified as
determnistic or stochastic, according to the certainty of the value
of the paraneters used (Mn and Zhou, 2002). W further refine this
classification according to the main nathenmatical techniques used for
finding solutions to these nodels. In those cases where all of the
nodel 's paraneters are assuned determnistic, the researchers on
bi omass supply chains have traditionally used approaches such as
spreadsheet nodelling, linear programming and mxed integer |inear
programm ng. O herw se, when stochastic nodelling approaches are used,
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these include sinulation, sequential quadratic progranmng, genetic
al gorithnms or heuristics.

From the perspective of nodelling approach, we classify the papers
into those who enpl oy spreadsheet nodelling, mathematical progranm ng,
sinmulation or other nmethods, along with the software enployed and
their crucial nodelling paranmeters |ike stochasticity and use of
single or nore types of bionmass. This taxonony is clearly presented in
Table 1. In a second level, we nake a further categorization according
to the unique characteristics of the supply chains under study, I|ike
transportati on neans, consideration of environnental inpact, storage
options exanmi ned and others, and present themin Table 2.

Spr eadsheet nodel i ng

Spreadsheet nodelling has been wused wdely for the analytical
eval uation of biomass supply chain costs. Such packages are useful for
deci si on support systens, scenario nodelling and sensitivity analysis
(Coles and Rowl ey, 1996). Allen et al. (1998) perform an analytic
supply chain nodelling for 5 bionass types using a spreadsheet
package, concluding that 20% —-50% of bi onmass delivered cost is due to
transportation and handling activities. A conparative economc
eval uation of various bioenergy conversion technol ogi es was conducted
by Mtchell et al. (1995), using a spreadsheet-based decision support
system naned Bi oenergy Assessnment Mdel (BEAM. The cost of producing
short rotation forestry was investigated by using spreadsheet nodels
by Mtchell et al. (1999), focusing mainly on the operations of
bi omass production, collection and storage.

Harmel inck et al. (2005) study for the first tine systematically the
influence of wvarious paranmeters on the performance of conplete
transport chains, analyzing a generic international |ogistics scenario
that assunes five possible transfer points: the production site, a
central gathering point (CG), two transport terminals (export and
inmport) and the energy plant. A flexible nodul ar spreadsheet has been
devel oped to enable the technical —econonic analysis of a large variety
of  chai ns. The results from wusing two bionmass-to-electricity
conversion technologies were conpared by Caputo et al. (2005),
concl udi ng that 56%-76% of the total system operational costs are due
to the biomass logistics, thus indicating the potential for cost
reducti on.

Mat hemat i cal nodel i ng

In the bioenergy supply chain literature, several optim zation nethods
have been applied. Linear programming (LP), a nmethod that has the
advantage of sinplicity and assurance of identifying the optinmum
sol uti on, has been used. For  exanpl e, a linear progranming
optim zation nodel has been utilised by Cundiff et al. (1997) to be
used primarily as a planning tool for the evaluation of costs
associated with biomass transfer from producers situated in close
geographical proximty to a centrally located plant. Specifically, it
determined an appropriate nmonthly shipment and capacity expansion
schedul e for each producer, based on nonthly harvests under weather
uncertainty. Uncertainty in production levels due to weather is
addressed by refornulating the linear program as a two-stage problem
with recourse. Tatsiopoulos and Tolis (2003) provide a detailed
cotton-stalk supply chain nodel that enploys an LP optimzation for
t he bi omass delivery scheduling.
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Ener gy conversion incl

Si ngl e- bi omass probl em X X X X X X X X X X X X X X X

Mul ti - bi omass probl em X
Uncertain Production X X X X
Economi cs studi ed X X X X
St ochasti ¢ Demand X X X
Det ermi ni sti c Demand X X X X X X X X X X X X X
Spr eadsheet nodel i ng X X X X X X X
Heuri stic approach X
LP Progranm ng X X X X
M LP Progranmm ng X X X
SQ Programing (SQP)
Genetic al gorithm

Si mul ati on nodel ling X X X X X X X X X
Sof tware / Tool s
LI NGO X X
oW X
CPLEX X
MATLAB X
GAMS/ CPLEX X
GASP |V
SI MAN (Arena) X X
SLAMSYSTEM X
EXTEND X X
S| GVA X
PROSI M X

X | X | X | X

as X X X X

EXCEL X X X X X X
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Tabl e 2: Supply Chain Issues considered / addressed in reviewed bi omass supply chai n pl anni ng nodel s
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Frombo et al. (2009) present, a geographic information system (GS)-
based Environnental decision support systens EDSS for the optinal
pl anning of forest biomass use for energy. The strategic decision
nodel is described in detail and corresponds to an LP.

M xed-integer linear programming (MLP) was used by Nagel (2000) to
i nclude binary operators for investnent decisions in the variables, by
de Ml et al. (1997) to estimate the annual flows of bionass for
desi gned networ ks under several scenarios, and by Tenbo et al. (2003),
enconpassing alternative feedstocks, feedstock production, delivery,
and processi ng.

A conbination of dS, nmathematical nobdelling and optimzation for
energy supply at a regional |evel fromforest bionmass was presented by
Freppaz et al. (2004). The above nentioned authors nanage to retain
linearity of the nobdel as the optimzation concerned only the bionass
supply chain and not the whole system including bionmass conversion
facility, and because of their assunptions for a determnistic
envi ronnent .

Si nul ati on nodel ling

When the nodels optimze the entire bioenergy system non-linearity is
i nevitably been introduced, thus excluding |inear progranm ng fromthe
candi date optim zation nethods. Mst of the currently existing non-
linear optimzation methods have the disadvantage that they cannot
ensure the identification of the optinmm solution of the problem

Conputer sinulation nodelling has been one of the npst conmmon
approaches in bionass supply chain nodelling. An activity oriented
stochastic conputer sinulation nodel of forest biomass logistics in
Greece, based on the SLAMSYSTEM sinulation |anguage, has been
developed by @Gallis (1996). De Ml et al. (1997) developed a
sinmulati on nodel Biologics (Bl Omss LOG stics Conputer Sinulation) -
in conparison with an optimzation nodel- to gain insight into the
costs and energy consunption of the logistics. This nodel is
i mpl emented with the simulation package PROSIM A dynam ¢ sinulation
nodel for baling and transporting wheat straw by N Isson analyses a
hypot hetical strawto-energy system for district heating plants in
Sweden (1999a, 1999b). The objective of these studies was to eval uate
and optim ze existing and conceivable alternatives for handling straw
with respect to system performance, costs and energy needs. An
extended version of the integrated dynamic sinulation nodel SHAM
(Straw HAndling Mdel), was used in a following study (Nilsson and
Hanson, 2001) ained at satisfying a daily average heating demand | oad.

Sokhansanj et al. (2006) sinulate the flow of biomass fromfield to a
bi orefinery, by developing a framework for a dynamic Integrated
Bi omass Supply, Analysis and Logistics nodel (IBSAL) in order to nodel
climatic and operational constraints, to quantify resource allocations
for bionmass supply and transport operations, and calculate bionass
delivered cost. Kumar and Sokhansanj (2007) wused IBSAL to evaluate
delivery systens for three bionmass collection options. Ravula et al.
(2008a) sinulate the transportation system of a cotton gin, using a
di screte event sinulation nodel, to determine the operating paraneters
under various managenent practices, while they provide a conparison
between two policy strategies for scheduling trucks in a bionass
| ogi stics system (2008b).
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Rentizelas et al. (2009a) present a decision support system (DSS) for
nmul ti - bi omass energy conversion applications. In order to overcone the
limtations of using a specific non-linear optimzation nethod, the
authors apply a hybrid nethod: one optim zation nethod is enployed to
define a “good” solution and this solution is used as the starting
point of the second optimzation nethod that strives to enhance it
further. The optim zation nethod used for the first step is a genetic
algorithm (GA). A sequential quadratic programming (SQP) optimzation
nethod is applied at the second step. In (Rentizelas et al., 2009b)
three biomass storage nethods are anal ysed through simulation nodeling
and are applied to a case study to come up with tangi ble conparative
results. Finally, Gonalt and Rauch (2007) describe a sinple stepw se
heuristic approach to solve the forest fuel supply network design
problem Furthernmore, the relevance of the planning steps is explained
for a case study region.

Concl usi ons and future research

In this work, we present a holistic taxonony that takes into account
the mmjor aspects in the design and aggregate planning of waste
bi omass supply chains devel oped for energy production. Logistics and
SCM have energed as areas of critical inportance for the energetic
utilization of waste biomass and organic substrates. Unfortunately,
the existing nodels address only a minor subset of the decisions
needed to be taken at a strategic, tactical and operational |[evel
noreover, they fail to capture the existing conplex and stochastic
issues due to their severely limting steady-state assunptions.
However, the problem becones even nore challenging by considering the
numerous variables, paraneters and constraints that could be taken
into account in the fornulation of such a decision support nodel .

An extensive critical Iliterature taxonony of quantitative-based
bi omass supply chain nodelling efforts is thoroughly presented in
table format, according to their nodelling approach, software used and
ot her supply chain characteristics considered. Several conclusions can
be drawn from this taxonomy. One is that the use of integrated
pl anning nodels for bionass SCM is still quite limted. Al though
integrated nodels are inherently nore conplex, than those dealing with
single planning aspects, the potential benefits of these nodels
usual Iy outweigh the added conplexity. W also found that there are a
limted nunber of nodels dealing with operational planning, and for
such as inventory nanagenent and control, vehicle scheduling.

A second finding is that planning nodels dealing with biomass products
very often fail to capture realistic stochastic, and shelf life
features present in the different echelons of the supply chain,
probably due to additional conplexity. For exanple, many authors
nanage to retain linearity and flexibility of the nodel as the
optimzation deals only wth the biomass supply chain wthout
including the energy conversion processes, and because of their
assunptions for determnistic environnent. Qhers take into account
stochasticity of demand, as well as the probabilistic production or
case- dependant constraints through enploying sinulation nodelling
approaches. Sinulation nodels assune a given network structure,
wher eas mat hematical optimnmization nodels determ ne the optinal network
structure. The sinulation nodels capture the dynamic flows, while it
is difficult to include tine-dependent effects or seasonha
fluctuations in supply or demand nmathematical nodelling. Finally,
spreadsheet nodelling can display analytically the econom cs of supply
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chain operations but cannot constitute an integrated decision tool for
the optimal design of biomass supply chains.

Qur up-to-date taxonony reinforces the understanding that practical
problems in designing and executing waste biomass supply chain
networks for energy production are inportant for investors, policy-
nmakers and deci sion-nakers, while researchers are actively attenpting
to deal with few of these problens. It is envisioned that the
presented review of supply chain planning nodels for bio-energy
networks will serve to establish new directions for the devel opnent of
realistic bionmass supply chain networks for energy production.
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