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Abstract
Gigler, J.K. (2000). Drying of willow biomass in supply chains. PhD thesis,
Wageningen University, Wageningen, the Netherlands (142 pp., with summaries in
EnglishandDutch).

Keywords: logistics; supply strategies; optimization; short rotation coppice; wood;
diffusion model;forcedconvective drying;naturalwinddrying
The drying process of willow (Salix viminalis)in biomass supply chains to energy
plants isquantitatively described. Drying at particle levelwas modelledfor chips and
stems by a diffusion equation linked to the mass transfer of moisture to the air.
Drying at bulk level is described by a deep bed model, which accounted for the
moisture andtemperature gradients ofwood andair therein. Experimental validation
showed that the deep bed model adequately described forced convective drying
(with ambient air) of a willow chip bed, and natural wind drying of willow stems in
large piles. The technical possibilities and costs of drying of chips, using farm
facilitiesfor potatoes,were assessed.MarchtoSeptemberturnedoutto bethe most
suitable period. Compared to harvest costs, forced convective drying was a
considerable cost factor. Forstems, statistical analysis ofexperimental data showed
that a pile dried uniformly, except for the top layer. Pile coverage had no long term
effectonthe moisture content.Withinasinglestem,the moisture contentwas largely
uniform. During open storage from harvest (December-April) until August, the
moisture content could be reduced to close to that of the equilibrium moisture
content. Experiments and model calculations showed that chunks could be dried
relatively quickly by forced convective drying, and very cheaply by natural wind
drying.A modelwas developedtooptimize supply chains by Dynamic Programming,
which provedto beuseful inderiving supply strategies.The naturalwinddryingtime,
required to achieve the correct moisture content, specified by the energy plant for
chunks andstems,wasadecisivefactor inthedesignofsupplychains.
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General introduction

Chapter 1

During the energy crises ofthe seventies,theworld awokefrom itsfossil fuel dream
and recognised the potentials of renewable energy sources such as wind, solar
energy,hydropower and biomass.Atfirst,the needfor renewables was urged bythe
dependence of the major industrial nations on fossil fuels. Today, the interest in
renewable energy is mainly prompted by the need to reduce the output of C0 2 and
other so-called 'greenhouse gases' to prevent global warming [Hall et al., 1997;Hall
and Scrase, 1998; Nabuurs and Verkaik, 1999]. The Dutch Government has set a
target to replace 10%of domestic energy consumption by renewable energy bythe
year 2020 [Ministry of Economic Affairs, 1997]. Moreover, within the European
Union, the Netherlands' target is 6% renewable energy of the domestic energy
consumptionforthe period2008-2012 [KramandVan Rooijen,1998].
Biomass is a collective noun for products of recent organic origin, such aswood
and agricultural residues [Sipila, 1993; Faaij, 1997]. Of the present global energy
consumption, 13to 14% is derived from biomass [Hall and Scrase, 1998]. Biomass
can be used as a fuel in energy plants for the generation of electricity and heat.
Biomass fuel has a closed carbon cycle and therefore is a renewable source of
energy. A tree, for example, takes up CO2for its growth. During use as a biomass
fuel, CO2is released again as one of its breakdown products. Thus, apart fromCO2
emissions caused by production, logistics and conversion of biomass, the net
release of CO2 is zero [Nabuurs and Verkaik, 1999]. By source of origin, biomass
fuelscan begroupedinto:
• Waste products:products that are usually dumped or left attheir source, suchas
demolition wood, sewage sludge and forest thinnings. Due to Dutch regulations
that make dumping of organic material expensive, waste products may have a
negative cost priceasbiomassfuel.
• By-products:products which,due to their low market price, become available as
biomass fuel but which can also be used for other purposes. By-products are
often ofagriculturalorigin,e.g.strawandfoliage.
• Energy crops: crops which are specifically grown to produce biomass fuel.
Examplesareshort rotationcoppice (willow, poplar),miscanthusandhemp.
In the Netherlands, at present, waste and by-products attract most attention from
energy producers because of their low or even negative price. Interest in energy
crops is low due to their high cost price. It is not certain, however, whether the total
amount ofwaste and by-products inthe Netherlands inthefuture will be sufficient to
meet expected demands for biomass fuel [Van den Heuvel and Gigler, 1998].Thus,
energy crops may become an option. In countries like Sweden and Great Britain,
energy crops (mainly willow) are already grown on a commercial scale [Larsson et
al., 1998;Pitcher et al.,1998]. Foragriculture, energy crops can be an alternative to
common agricultural crops like grain, potatoes and sugar beet, which prices are
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constantly under pressure [Hanegraaf etal., 1998].Ifthe priceatwhichenergy crops
areoffered can bereduced,theywillattract (more)interestfromenergy producers.
Willow short rotation coppice
Inthisthesis,tools are developed to reducethe costs of biomassfuels.Willow short
rotation coppice (Salix viminalis L.) is chosen as an example because willow
representswoody biomassfuelsaswellasenergycrops.
Willow has a life cycle of 20 to 25 years [Culshaw and Stokes, 1995]. In Northwest Europe, harvest takes place every three to five years, between November and
April. In moderate climates (like in the Netherlands, Denmark and South Sweden),
the expected maximum yield of willow is currently 8 to 12tons DM per ha (DM=Dry
Matter) annually, under favourable growing conditions [Larsson et al., 1996]. At
harvest,thewillow crop ishomogeneous becausealltreesofonefield are plantedat
the same time.Accordingly, all stems have approximately the same size and shape
which accommodates product characterization and modelling of processes in the
supply chain. For most field operations (such as planting, weeding and crop
protection), common agricultural equipment can be used [Coelman et al., 1996].
However, for harvest, special equipment is required. Harvest is an important
operation inthesupply chain ofwillowtoanenergy plant because harvest marksthe
transition of anenergy crop into a biomass fuel. Forwillow,three harvest techniques
exist (Table 1; Figure 1): harvest as chips, chunks or whole stems (which will
hereafter be referredto asstems) [Mitchell and Hudson, 1994;Culshaw and Stokes,
1995;HartmannandThuneke,1997].
For energy conversion, chips are usually required. In some cases chunks are
acceptable. The exact fuel specifications depend on the energy conversion
technology [Vanden Heuvelet al., 1994;Stassen, 1994;Vanden Broeketal., 1996;
Dumbleton, 1997]. Thus, if willow is not harvested as chips, size reduction may be
necessary to yield asuitable biomassfuel. At harvest,the moisture content ofwillow
is about 1kgwater per kg DM [Kofmanand Spinelli, 1997; Nellist, 1997b].The high
moisture content causes several problems:
• Longterm storage of chips,which isnecessarywhen energy plants request year
round supply ofwillowfuel, may leadto highdry matter losses and environmental
and health risks due to microbial degradation [Thornqvist, 1985; Mitchell et al.,
1988;Gislerud,1990;Jirjis, 1995a;Kofmanand Spinelli,1997;Nellist,1997b].
• A highmoisture content reducestheconversion efficiency ofwillow into electricity
and increases gaseous emissions due to lower boiler temperatures [Riley and
Drechsel, 1983;Lyonsetal., 1989;Liangetal., 1996;ScholzandGlaser,1997].
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•

Water, in excess of the moisture content specified by the energy plant, needs to
be transported and handled which causes additional costs and environmental
problems.

To reduce the disadvantages and risks associated with a high moisture content,
drying is strongly recommended.
Table 1:Advantages and disadvantages of harvest techniques for willow biomass.
Technique Size (mm)
Chips
0-50

Advantages
• desired particlesizefor
energy conversion
• high bulk density
• easy handling
• multiple useof harvest
machinery

Chunks

50-250

Stems

5,000to
• naturaldrying possible
8,000,
• nostorage problems
notreduced
(low DM-losses)
insize
. cheap storage possible
• fieldtransport equipment
may not be necessary

naturaldrying possible
nostorage problems
(low DM-losses)
desired particlesize,
depending onenergy plant
easy handling

Disadvantages
• storage problems at high
moisture content
(high DM-losses, health
risks)
• (covered) storage canbe
expensive
• size reductionto chips may
be necessary
• requires special harvest
machines

• size reduction to chipsor
chunks necessary
• handling difficult
• low bulk density
• requires special harvest
machines

Supplychainofwillowbiomass
The supply chain of willow biomass to an energy plant consists of a series of actions
that should take place to change the willow coppice at the field into a suitable
biomass fuel at the energy plant. The fuel characteristics should comply with the fuel
specifications laid down by the energy plant. In this thesis, the supply chain is
defined to start at willow harvest and to end at the energy plant, when the fuel should
meet the plant's specifications.
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Figure1:Harvestofwillowstems(top)andstorageofwillowchunks(bottom, right)
andstems(bottom, middle).
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To reduce the cost price of willow biomass fuel, different possibilities exist. These
include reducing the cost of growing willow, combining the growth ofwillow fuel with
nature management and other land uses or production of fibres and chemicals for
industry [Van den Heuvel and Gigler, 1998]. In the supply chain of willow to an
energy plant, many choices have to be made. Which harvest technique should be
applied? Where and how should storage take place? How should the willow fuel be
dried? Where should size reduction take place? One method of reducing the cost
price of willow is by optimization of the supply chain,which means selecting supply
chains which deliver the fuel to the energy plant at minimum costs [Huisman and
Gigler, 1997]. In comparison, for example, to the reduction of production costs by
breeding high productive willow clones,cost reduction measures inthe supply chain
canbeimplemented relatively quickly.
Inthisthesis,thewillow supply chain includesthefollowingactions:
• harvestaschips,chunksorstems;
• storage,whenthewillowfuel isnotneeded immediately after harvest;
• sizereduction,when the particle size after harvest does not comply with the fuel
specifications laiddown bytheenergy plant;
• drying,to reduce the moisture content ofwillow to meetthe plant's specifications
ortoenable longtermstorage;
• transportation, to move the willow biomass fuel from the harvest site to the
energy plant,ortoastorageorprocessing siteforsize reductionordrying.
In the chain,the position of both harvest and energy conversion is fixed. The time
span between harvest and energy conversion is variable. Storage, size reduction,
transport anddryingcantake place inrandomorder (Figure2).

Harvest
•chips
•chunks
•stems

r

Sizereduction

Storage-4-

\
-•Transport j

Energy
conversion

\ >*• Drying -4r ,,

Figure2:Generaldesignofthewillowbiomass supplychain.
A supply chain may be designed by selecting all actions which are necessary to
reachthetarget specifications set bythe energy plant and putting these actions ina
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particular order. When the costs of all actions are known, the supply costs can be
calculated.Asimulation modelofthe supply chaincan bea usefultool in comparing
all possibilities.Adisadvantage ofsimulation isthat the cost of all possibilities hasto
becalculated.Attheend,thecheapestoption isselected.The useofanoptimization
tool which calculates the optimum solution (inthis case,the cheapest chain design)
ismoreconvenient. Suchatoolcan beappliedtodifferenttypesof biomassfuels.
Different studies exist on the supply chain of willow and related woody biomass
fuels [Mitchell et al., 1995;Allen et al., 1997;Vodder Nielsen et al., 1997;Sims and
Culshaw, 1998]. These studies are restricted to a few options in the supply chain
only. Usually, drying options other than natural drying are not included. Supply
chains are also compared which have different initial characteristics and target fuel
specifications. The limitations of different approaches reported in literature hinder a
usefulcomparisonofsupply chainsandcosts.
Drying of willow biomass
To design minimum cost supply chains and calculate supply costs, it is necessary to
gain insight into the different drying methods of willow and their associated costs.
The cost of storage and drying can be very high [Sims and Culshaw, 1998].
AccordingtoVodder Nielsen etal. [1997],thesecosts canamountto uptotwothirds
ofthe total handling costs at the plant. The drying techniques of willow biomass are
closely linked to the harvest techniques which determine the particle size. The
particlesizeofstemsandchunks canbereducedtothatofchipstoenableforcedor
thermal drying,butthis reduction causes additional supply costs. Inthisthesis,three
dryingoptionsaredistinguished:
• Naturalwinddryingwhich takes place in large piles during outdoor storage. The
weather conditions and product characteristics largely determine the dryingtime.
Natural wind drying is only relevant for stems and chunks. For chips, internal
heating due to microbial activity will cause high dry matter losses, while the
moisture content hardly changes,or mayeven increase [Gislerud,1990;Gigleret
al., 1996;Kofmanand Spinelli,1997].
• Forced convectivedrying which takes place by forcing ambient air through the
materialto bedried.Onfarmdryingfacilities (for potatoes andgrain) canbeused
forwillow. Forced convective drying isonly relevant for chips and chunks [Arola,
1988;Gustafsson, 1988;Mivell,1988;Pringle and Pan,1991;Nellist, 1997b].For
stems,the releaseofmoisture isslow,whichcauses highforceddryingcosts.
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• Thermal drying which takes place using heated air of up to a few hundred
degrees Celsius in a drying installation. For an efficient drying process, a small
particlesize isrequired [Van 'tLand,1991; Pierik andCurvers, 1995].
A wide range of studies exist on the storage and drying of woody biomass. These
studies give detailed information on DM-losses,growth of micro-organisms,the best
wayto store etcetera [Gigler et al., 1996]. Forwillow, afew studies exist on storage
and drying [Lyons et al., 1989; Kofman and Spinelli, 1997; Nellist, 1997b]. Most
studies mainly describe initial and final moisture contents in large scale drying
experiments. Insome cases, intermediate moisture measurements were conducted.
However, inorder to investigate the prospects of different drying options, knowledge
of the drying processes under variable ambient air conditions (as a function of the
dryingtime) is necessary. Then,the parameters governingthe drying processes can
be investigated. These results can be used for supply chain optimization in order to
reducethecostsofproviding biomassfuelstoenergy plants.

Objectives
This thesis investigates supply chains of biomass fuels to energy plants where the
fuel specifications should bemetat minimum costs.To investigate dryingof biomass
fuels inthesupply chain,modelswere developed to gain insight into the parameters
governing the drying process. Willow biomass was chosen as the test sample. The
mainobjectiveswere:
1. To develop an optimization tool to determine minimum cost supply chains of
willow biomasstoenergyplants.
2. To develop models to quantitatively describe the drying process of willow
biomass andto investigatethe parameterswhichgovernthis process.
3. To provide general supply strategies which deliver willow biomass to energy
plants (accordingtotheplant'sfuelspecifications)atminimumcosts.

Outlineofthethesis
In Chapter 2 minimum cost supply chains of willow biomass to energy plants are
determinedwith asimulation model.All possible actions inthe supply chain ofwillow
biomass are described andthe costs are calculated. The influence of the time span
between harvest and energy conversion on the selection of optimal chains and the
supply costs isinvestigated andsupply strategies arederived.
Based on these strategies, drying methods in the supply chain of willow are
investigated. Chapter 3 discusses drying characteristics of willow at particle level.
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For chips and stems, drying processes are described by diffusion models and
validated experimentally. The diffusion models are incorporated into the bulk drying
modelsofChapters4and5.Chapter4 presents adeep beddrying modelofchipsto
investigate the forced convective drying process of a willow chip bed.The model is
validated by bulk-drying experiments. The possibilities and costs of using farm
facilitiesforwillow drying are assessed.Chapter 5discusses the naturalwind drying
process ofwillow stems in large piles. Results of large scale drying experiments are
statistically analysedandcomparedwithdryingmodelsimulations.
In Chapter 6, a general methodology for optimization of supply chains by
Dynamic Programming is presented. Finally, in Chapter 7 (Discussion and
conclusions),dryingofwillow chunks isdiscussed.Furthermore,the new information
inthis thesis on drying ofwillow biomass is incorporated into the optimization model
ofChapter6,andthesupply strategiesderived inChapter2areevaluated.

Willow supply strategies
toenergy plants

JorgKGigler
GerritMeerdink
EligiusMTHendrix

Chapter 2.

Abstract
The main objective ofthis study was todevelop minimum cost supply strategies forwillowto
energy plants (two plant sizes: 0.5 and 30 MWe, two energy conversion technologies:
combustion and gasification). Time span between harvest and energy conversion variedfrom1
to 12months. Forarealistic comparison,different supply chainswere basedonthesame initial
characteristics (i.e.moisture content 50% wbat harvest) andfinal fuel specifications atthe
energy plant (moisture content 20%wb, particle size chips orchunks). Cost calculations were
based ontheintegral cost calculation method andwere presented forall process steps. The
main conclusion was that the time span between harvest and energy conversion andthesize
and conversion technology ofthe energy plant largely influence thedesign ofthe supply chain
andconsequently thesupply costs.Thefuelsupply costs rangedfrom 17.6to26.1ECU/tDM or
0.010to0.023 ECU/kWh.Thecostreductionwhichcould beachieved bychoosingthe minimum
cost chain design could be as high as 45%or 14.4 ECU/t DM.Generally, the strategy of
minimum costs forsupply offuel toanenergy plant running allyear round onwillow was as
follows:
• forfarmers who should supply theirwillow within sixmonths after harvest: harvest as chips,
forceddryingatthefarmandtransport(ifnecessary);
• for farmers whoshould supply their willow beyond six months after harvest: harvest as
chunks or stems, natural drying near thewillow field, transport (if necessary) andcentral
chipping(ifapplicable).
1 Introduction
In North-west Europe, willow coppice (Salix viminalis) has great prospects as a
biomass fuel. It is already grown on a large scale in Sweden [Larsson et al., 1996].
Willow coppice is a woody crop with a life cycle of 20-25 years which has an
expected maximum yield of 8-12 tons dry matter per ha (t DM/ha) annually under
favourable growing conditions. At harvest, which takes place every three or four
years between November andApril,themoisture content isaround 50% wb*.
Willow as a biomass fuel is currently more expensive than fossil fuels. The
production costs of energyfromwillow biomass are mainly determined by [Coelman
etal., 1996]:
•

crop production costs (including costsof land,farmers' incomeetc.);

• supply coststothe energy plant (including all linksor process steps ofthesupply
chain);
• productioncostsofenergy attheenergy plant.
The fuel supply costs of willow are in the range of 10 to 20% of the total costs,
depending on the conversion technology, plant size, transport distance, etc
[Coelman et al.,1996].The supply chain ofwillow begins at harvest and ends atthe
"moisture contents areexpressed onawet base (wb; kgwater/kg total)
12

.Willow supply strategies toenergy plants

energy plantwhenthefuel is readyfor conversion.The supply chaincan includethe
following process steps: harvest, storage, drying, size reduction, transport and
handling. Before conversion of biomassto energy takes place,the characteristics of
the willow fuel must meet the physical, chemical and other specifications of the
energy plant. The most important physical fuel specifications are moisture content
and particle size and both can be influenced in the supply chain. Consequently,
many choices haveto be made inthe supply chain. For instance, how should willow
be harvested in order to be delivered at minimum costs at the energy plant? By
selecting minimum cost supply chains for specific situations, cost reductions can be
achieved and the feasibility of energy crops as an alternative to fossil fuels may be
improved.
In literature, several studies have been reported on biomass supply chains to
energy plants [Mitchell et al., 1990; Allen et al., 1997;Vodder Nielsen et al., 1997;
Sims and Culshaw, 1998]. In most studies, different supply chains are compared
with each other but the comparison is often biased by differences in characteristics
of the fuel eventually delivered at the energy plant. Furthermore, many studies do
not take the time span between harvest and energy conversion into account. This
time span can have a considerable effect on the costs of the supply chain. Also it
should be clear which cost data are used and how they were calculated [Mitchel et
al., 1995].The mainobjectives ofthisstudyare:
1. to calculate and compare costs of different supply chains of willow coppice to
energyplants;
2. toselect minimumcostsupply chainsandderivesupply strategies;
3. to calculate the cost reductions which can be achieved by selecting minimum
costsupplychains.
2 Methodology
The supply chain of willow starts at harvest. Then the initial moisture content is
assumed to be 50% wb for all chains. To enable a correct comparison, all supply
chains should deliver the willow fuel at the energy plant according to the same
specifications. Although in reality a wide range of moisture contents can be
delivered, inthis study it isassumedthat the moisture contentfor energy conversion
should be 20% wb. Energy conversion is limited to two conversion technologies
(combustion and gasification) andtwo plant sizes (small and large scale,0.5 and30
MWe respectively). With respect tothe particle size requirements, it is assumed that
for combustion chips or chunks are required and for gasification chips only (see
Table2for references).

13
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The supply chain consists of many linksor process steps. Inthis study,the following
wereincorporated:
• harvest (aschips,chunksorstems)
• naturaldrying (onthe headland,ongravel)
• storage (onthe headland,ongravel,withorwithout cover)
• forceddrying(ongravel,covered)
• size reduction [atthefarm(=decentral),atthe plant (=central)]
• transport (bytruck)and handling
• thermaldrying(withadrumdryer)
Machinecostsarecalculated accordingtothe integralcostcalculation method,using
valueswhichare relevanttothe situation inthe Netherlands [Oving, 1984;Meeusenvan Onna, 1997]. InTable 3,costfactors determining the machine costs areshown.
Where possible, the use of common agricultural equipment is assumed and costs
made specifically for willow only are assigned to the chain (e.g.a tractor or afan).
For prototype equipment, information from literature and manufacturers is used.
Large machines (like harvesters) are assumed to be operated by contractors
because the machines are usually too expensive for economic use by one farmer
only.To enable a relevant comparison,costcalculations of machines which canonly
be used for willow (like harvesters) are based on full utilization. Furthermore, it is
assumed that harvest takes place every four years with an average yield of 40 t
DM/ha.
For each combination of plant size and conversion technology, a few chain
designs are selected (Table 1)and compared to each other with the following main
restrictions:
• forced drying of chips and chunks takes 1month;for stems,forced drying is not
incorporated because the bark prevents a quick release of water which would
result in inefficient drying; after drying,for chips and chunks covered storage is
necessarytopreventrewetting;
• at small scale plants, central size reduction as well as thermal drying is not
incorporated becausethetotalamountoffuel istoosmallto enable profitable use
of largescalecomminutionorthermaldryingequipment;
• for small scale plants, transport is not necessary because the plant is located
nearthewillowfields.
For storage and drying, many possibilities exist but the cheapest option only is
incorporated inthe supply chain to obtain a chain with minimum costs (for instance,
storage and drying in a pile, covered with plastic and situated on gravel is cheaper
than drying in a potato store). The supply costs are expressed in ECU/t DM* and
1 ECU = 1.09 US$ (March 1998)* 1EURO
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ECU/kWh. The time span between harvest and energy conversion varies from 1to
12 months. To compare all supply chains, a cost calculation model is developed.
Separate modelsare incorporatedtocalculatethedryingcosts.
Table1:Overviewofchaindesignsselectedforcalculation.
No. harvest

natural
drying

Smallscalecombustion
A1 stems
(x)
A2 chunks
(x)
A3 chunks
A4 chips
Smallscalegasification
B1 stems
(x)
B2 chunks
(x)
B3 chips
Largescalecombustion
X
C1 stems
X
C2 stems
C3 stems
(x)
C4 chunks
X
C5 chunks
X
C6 chunks
(x)
C7 chunks
C8 chips
C9 chips
Largescalegasification
D1 stems
X
D2 stems
X
D3 stems
(x)
D4 chunks
X
D5 chunks
X
D6 chunks
(x)
D7 chunks
(x)
D8 chips
D9 chips
-

decentral
size
reduction

forced
drying

transport

central
size
reduction

thermal
drying

X

(x)
(x)

-

-

-

-

-

(x)
(x)
(x)
(x)
-

-

X
X

X

(x)
(x)

-

X

X

(x)
-

X

-

X

X

X

(x)

X

X

X

-

X

X

X

(x)
-

(x)
(x)
(x)
-

X

-

X

X

X
X

-

X

X

X

X

X

X

(x)
X

X
X

X

-

X
X

X

-

X

X

X

-

X

(x)
(x)
(x)
(x)
X

-

x: operation always done; (x):operation done ifpossibleornecessary;
-:operation notapplicable.
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3 Input data
3.1 Energy conversion
The small scale plants (0.5 MWe) are located near the willow fields, the large scale
plants (30 MWe) are located 50 km from the willow fields. Characteristics and
references arepresented inTable2.
Table2:Dataofenergyplants[Van denHeuvelet ai, 1994;Faaijet al., 1995; Van
den Broek et al., 1995; Vanden Broek et al., 1996;Dumbleton, 1997; VanDoom,
1997].
Technology
Scale
Size (MWe)
Efficiency (%)
Utilisation (h/y)
Fuelneed (t DM/y)a
Particle size needed
Transport distance (km)

Combustion
Small
Large
0.5
30
20
30
6,000
8,000
2,939
156,730
chip/chunk
chip/chunk
0
50

Gasification
Small
Large
0.5
30
22.5
42
6,000
8,000
2,612
111,950
chip
chip
0
50

Yearly amountoffuel based on a moisture content of20% wb

The annualfuel need depends on plant size and conversion technology: gasification
ismoreefficientthancombustion solessfuel isneededto producethesameamount
of electricity. Since this study focusses on supply chains, basically only the amount
andspecifications offuel neededare relevant.
3.2 Harvest
The particle size of the fuel entering the supply chain is determined by the harvest
technique. Three possibilities are considered: harvest as chips (size 0-50 mm),
chunks (50-250 mm)andwhole stems (upto 8 m).The bulkdensity ofchips,chunks
and stems is 160, 145 and 80 kg DM/m3 respectively [Gigler et al., 1996]. Cost
calculations are presented in Table 3 (data columns 1, 2 and 3). The choice of
harvesters is restricted to large scale machines only which have been tested in
variousfieldtrials (referencesgivenwith machinedescription).
Willow chips are assumed to be harvested with the CLAAS twin row willow
harvester which is basically a forage or maize chopper, equipped with a special
willow headerwhichcutsthestemsfromthestools.

16

co

CD
O)
i_
CO
_l

c
o
u
3

TJ
CD

CM
i n CM
CM
CM

T_

CO l O

o

o

CO CO

5
a:
CD t -

1

oo"

•tf

CO CO
C O CM
CO

r-w o

• *

•tf

CO CM
00 IT)
h-" • t f

1

CO
CM

o

g
CO

T—

CM"

co"

CO
l*-~

CM

I

'

T—

o

2

co

l O CO
o co CM o o
•tf
o
co co" m"

o

CD
N
<0

r^ o
CM in
O
©
CM • *

CO CM
CD CM
CO 1 ^
CO

o

CM"

-6
CD

c
CD

N

E
Q.
'5
o-

co
£
S
°
CO !£

2

CD

cCO
l_

C

o

CO

a5

° -> TO
m C
^ f Mrr\ cij ^ •tf_
,-ft o>
f^ CO
0 0
to
: CM
CO f a
co" co" CD"

^
N (O _
•tf 1 - O ^
ffl C O

S i .n o-tf2 6 (o
N

'"

-•• ° °

CM

CO

<0
(0

N
*
CM I * .

l_

CD
D)
CD

f-

£ -tf

> ,„- « i £ co T .
o
5 " O) o
CO

m
co
T-

O CO ^
n r i /—i ' ^
CO

m co j - .

^ d

o

s
r-

cCO

-l_

•c

o t>-

c

•tf -tf

m

-

•*

c

CM

co 5 q CM

CD

CD

co

3 ->t
CT O)
CD O

CO
CD

O)

tf
o

X

&
c

3

O

o

in"

CM" CO" CO"

C M <J>

d co
CM

^

•<- _

mm
CM
CM

CM
CM
CD ,co_
_-

o

in

•*

05

o w
m o"

•*

•tf

n
St
co ^ i n

1^ 00

O) s

co m

8 -•

•o

' -

-

V)
CO Q .
c
C O ,—, CD

*

CM CM r i ^ " CD" CM

oo m
CO O

CD _ i
CD m

i^
• * CM
T-

'1n^ . cd
CO ui
•<- d
CM

o>

? a.
3

CO

sail

o

CO

LU

5 55

CD
-Q

E
Q.

c
o o
o) 3 3 3
^ c '•=
o co LU
3 LU LU Sii
E co p to +.

'3

'•= .22

(5

CT
LU

j

cCD

3

o_
Q

2 -£ r "oC3Dfo ^O"

CD —
=

<n
LU

-

c

CD

LL CO O

3

ro

O LU

11
§5

.« o

^I
«R

c
CO

o CO

c

= ?

2-cs
»
CD °?r 2
£ to
CO fO^
. - CM

•o E
to - 5
•i= 3

• a Q.

'5 2?

8d

CD

g

CO «)
— to

.2 1

Q. fc

O CD
•O CD
CD i

'5 -c

aj

S

<0

CD
S5

•So

CD

O

s^

CO

« o
CO ' C
Q.

£
co *

aJ
3

3^ LL
r*- at

^
CO
C O Q3

*§
CD CO

1 E
S co O
° 1) .

•a

o

•c
( 0 CD

(0

§

CD

" ' LU
CD

^ co

3$

"
o

a) L U
•o
CD 1 ^

d co co
Q. >
CO CD

U> C D

5 °-

ld.

o

3

T

co £

-.

o €
ty, 3

en

5§

* r Uco
,J Q.
co

•c

0) „ -

CO

CQ U
— LU

£ «>

£

Q. T -

CD CO
N •a
<0
•D CO

c
co

CD ^ "
O 05

c en

o>c~ 5
•; N

O co

•a
o
CM CM

_

o

s

CO

o
O
cr>

C)

CD • *
Q
O)
. - O)

CM

00
o
•tf
o
S
J . CM CM

r-> ? "* <=>
S J "> CO
m o ° i O 1^
m co co O) *
co

CM
CM

CD 1o>

> ~-,

o>

o

CO

CD CO
CO t«<°. CM
CM C M

05 CM t~S-_ c» v-_ CO
T-

'5
cr

o
o

• *

<
CO
CO
CO

CM

t o ?

co

C
CD
• c

CO

co in co oo
-

CM

CO
cn
c £
to o
to

c

E

- CD CM

Q.

(0
CD
D)
CD

'Q.

co

-tf CD CO

O

S i§ £! 8 jj> 2 3

tt
:C0
L-

CD

„D)

o

2 ^
O ^
TO
r-

• o

O)

o
t5
co
J=

CM C O

Q.
to

. N
CO

O

o

h-"
O)
O)

^_

• o

.£
^

<D
O)

o° myiiC r-M co
co
C M O

CO ^L

_CD

c
.o
o

•*

co co

c
c

2 CM

-C

o

in

co

^C
X

m
o co en -tf
o ,_ o o i - o
in m Jo T- to co
-tf"
' - c o " •<-" co"

x SP
jo in

c S?

g-co

to

—

CD
T3

p
_

o

10

o

CD
O)
CO
i_

18

o

CD

CO

CD J=
§

c
CO

Chapter 2

After comminution, the chips are deposited into a trailer towed by a tractor driving
next to the harvester (cost calculations inTable 3, columns 4 and 5).Three tractors
and trailers are necessary to transport the willow chips to a waiting truck on the
headland or to the farm. In literature, a wide range of harvest productivities are
reported (0.75-2.6 h/ha) [Van der Meijden and Gigler, 1994; Spinelli and Kofman,
1996; Hartmann and Thuneke, 1997]. Inthe calculations an average productivity of
1.7h/ha wasused.Thetotal harvesting costswere 12.31 ECU/tDM.
Willow chunks are assumed to be harvested with the Austofft twin row willow
harvester which is based on a sugar cane harvester. The same productivity and
transport capacity as for chips are assumed [Van der Meijden and Gigler, 1994;
Spinelli and Kofman,1996].Thetotal harvesting costswere 14.76 ECU/tDM.
Willow stemsare assumedto beharvested withthe Segerslatt Empire 2000stem
harvester. This machine cuts the willow trees at the stump with two circular saw
blades. Rubber beltsconveythestemsto abunker atthe backofthe machinewhich
is unloaded on the headland of the field. On the field no transport equipment is
needed. The capacity is 3 h/ha [Gigler and Sonneveld, 1998]. The total harvesting
costswere 13.88ECU/tDM.
3.3 Size reduction
Size reduction of stems and, in some cases, chunks is necessary to match the
particle size specifications at the energy plant. Two size reduction operations are
incorporated: chipping (reduction to chips) and chunking (reduction to chunks). The
productivity of chunking is 20-30% higher compared to chipping [Danielsson, 1990].
Size reduction can take place decentrally (at the field, for small scale plants) or
centrally (at largescaleenergy plants).
For decentral size reduction, it is assumed that a small/medium scale chipper
which is linked into the hitch of the tractor is used.According to manufacturers, the
average productivity is approximately 4 t/h (load factor 70%) [OBMtec, 1997;
Vermeer, 1997]. For decentral chunking, the productivity is 25% higher (5 t/h)
[Devobo, 1997]. The decentral size reduction costs were 12.87 ECU/t DM for
chipping and 10.30 ECU/t DMforchunking (Table3,columns 8and9).
Forcentralsize reduction,the useofafully-mechanised largescaledrum chipper
which is fuelled by electricity is assumed. Supervision is done by personnel of the
energy plant. Consequently, labour costs are not incorporated for central size
reduction because personnel is only required incidentally (for instance during
breakdowns) which means that labour input and thus labour costs are very low
compared to machine costs. According to manufacturers, the productivity of large
scale equipment is approximately 16t/h (load factor 90%) [OBMtec, 1997; Vermeer,
1997]. The total central size reduction costs were 2.83 ECU/t DM for chipping and
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2.26 ECU/t DM for chunking (Table 3, column 10). For chipping chunks, it is
assumedthat the costs are halfthecostsofchipping stems because feeding chunks
to a chipper is much easier andfaster than feeding stems [OBMtec, 1997; Vermeer,
1997].
3.4 Storage
Storage ofwillow fuel is necessary duetoyear round demand.Basically storage can
take place at the farm [on the headland, on gravel (covered), in a shed or potato
store] or at the energy plant [on gravel (covered) or in a shed]. The storage costs
dependonthe location,type and periodof storage andthe bulkdensity ofthewillow
fuel. Storage height is4m.
For free storage (without side walls), the volume to store stems is equal to the
ground area multiplied by the height. For chips and chunks, the edges of the piles
are notstraight butareshaped likeanelongated prism.Itisassumedthatthe angles
ofthechunk and chip piles are45°andthefreespace around all piles is 1m.Based
on piles of40 t DM(the yield of 1ha),the volume-to-area ratio (which isthe volume
of product which can be stored on 1 m2) is 2.1 m3/m2 for chips and chunks and 3
m3/m2 for stems. For40 t DM,the ground area needed is 119 m2for chips, 131m2
forchunks and 167m2for stems.Storagecostsare presented inTable4.
3.5 Drying
At harvest,the moisture content ofwillow isaround 50%wb. Forall supply chains,it
is assumed that a moisture content of20%wb is required at the energy plant which
means that drying is necessary. Three possibilities are considered: natural, forced
andthermaldrying.
3.5.1 Natural drying. Natural drying is defined as drying which takes place during
outdoor storage. The weather conditions largely determine the time necessary for
drying. For chunks and stems, natural bulk drying is an interesting option because
the air can easily penetrate the pile and dry matter losses will be low. For chunks
and stems, the mean monthly drying rates were 5%absolute/month for both
materials and DM-losses were 2 and 1%/month respectively [Jirjis, 1995b; Gigler et
al., 1996; Nellist, 1996; Nellist, 1997a; Kofman and Spinelli, 1997; Gigler and
Sonneveld, 1998]. It is assumed that DM-losses at a moisture content equal to or
lowerthan20%wbarenegligible.
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Table 4:Costsofdifferentstoragelay-outsforwillow(pileheight4m).
Storage
location
Farm

Energy plant

Type of
storage
Headland3
Gravelfloor15
Plasticsheet0
Nyloncover1*
Shed8
Potatostore'
Gravelfloor8
Shedh

Costs per unit
(ECU/m2.y)
0.05
2.36
0.17
0.95
9.07
45.71
2.36
6.28

Chips
0.01
0.59
0.06
0.32
2.23
5.95
0.59
1.56

Chunks
(ECU/t DM.month)
0.01
0.65
0.06
0.35
2.48
6.57
0.65
1.71

Stems
0.02
0.82

3.16
11.90
0.82
2.19

Assumption:willow isgrown on agood quality soil (clayey/loamy)
Yearly costs of a gravel floor are 7.5% of total costs of 31.53 ECU/m2[Balk-Spruit and Spigt, 1994;
Organization of Insurance brokers, 1996]
c
Price of plastic sheeting: 101.47 ECU/role (12x50 m)or 0.17 ECU/m2(one time use only) [Venturi et
al., 1996];for stems nocover is used
d
Priceof nylon cover: 4.74 ECU/m2. Estimated lifetime:5years [Venturi et al.,1996]
e
Size of shed is 25x50 m, height 5 m. Yearly costs are 9.5% of total costs of 95.50 ECU/m2 [Misset,
1993;Balk-Spruit and Spigt, 1994; Organization of Insurance brokers, 1996]
' Yearly costs of potato store of 900 t is 9.5% of mean cost price of 200.45 ECU/t which is 19.05
ECU/t. Per m2 floor, 2.4 t of potato can be stored, the cost price of a potato store is 45.71 ECU/m2
[Balk-Spruit and Spigt, 1994]
9
Assumption:same costs as onthe farm
h
Size of shed is 50x50 m, height 5 m. Yearly costs are 9.5% of total costs of 66.08 ECU/m2 [BalkSpruit and Spigt, 1994;Organization of Insurance brokers, 1996]
b

3.5.2 Forceddrying.Forced (convective) drying is defined asa process inwhich air
(inthis study ambient or slightly heated) is forced with afan through the material to
be dried. Usually the material isdeposited on a perforated floor (e.g.a potato store)
oronventilationducts.Dryingcostsconsistofelectricity costs (fan)and capitalcosts
(ventilation ducts, cover, fan, gravel floor) (Table 5). The cheapest forced drying
option is blowing drying air with afan through ventilation ducts and through a nylon
or plastic covered pile on a gravel floor. The pile height is 3 m. Drying costs are
calculated asfollows [Gustafsson,1988]:
1. from the average temperature and relative air humidity for each month, the
amount of water that the drying air can take up to the saturation point is
calculated;
2. forthewillowfuel,thetotal amount ofwaterto beevaporated to reach a moisture
contentof20%wb isdetermined;
3. from 1. and2.,therequiredamountofdryingairiscalculated;
20
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4. fromthe pressuredropoverthechips/chunks,thefan capacity andthe numberof
fans necessaryfor401DMarecalculated;
5. thefancapacity isusedtocalculatetheenergycosts;
6. totaldrying costsarecalculated byaddingenergy costsandcapitalcosts.
Table 5:Costsofforceddrying(pile height3m).
TypeofEquipment
Fana
Electricalequipment"
Ventilation ductsc
Nyloncover"
Gravelfloor6
Shed'
Potatostore9

Costsperunit
16.33 ECU/month
6.49
10.81
0.08 ECU/m2.month
0.20
0.72
3.81

Chips

Chunks
ECU/tDM.month

0.27
0.41
0.77
2.80
7M

0.27
0.46
0.85
3.11
8.76

3

Yearly costs offan 14.5%oftotal costs of 1,351.35 ECU;fan capacity: 38,000 m3/h3[Balk-Spruit and
Spigt, 1994]
b
Yearly costs of elec. equipment: 14.4%oftotal costs of 540.54 ECU [Balk-Spruit andSpigt, 1994]
c
Ventilation ducts are semicircular. Yearly costs are 540.54 ECU (14.4% of total costs) [Balk-Spruit
and Spigt, 1994].Assumption:length of 15menough for40 t DM
d,8,f
Costs given intable 3; here adjustedto pile height of3m
9
Costs given intable 3; total costs for a shedwith a pile height of 3 m are 90.81 ECU/m2 [Balk-Spruit
and Spigt, 1994;SegerslStt, 1997]
h
Number of fans and electrical equipment depends on moisture content of willow (amount of water to
be evaporated)

3.5.3 Thermaldrying. Thermal drying isdefined asaprocess inwhichthe materialis
dried with hot air (300 °C) in a drying installation. Different dryers are available
(drum, CFB and steam dryers). The use ofwaste heat from the energy plant isalso
an option. In this study, a drum dryer located near the large scale energy plant is
incorporated since this technology is proven and suitable for chips [Van 't Land,
1991]. The use of waste heat was not included because the technical possibilities,
costs and consequences for the electrical efficiency are not clear. Thermal drying
costs consist of energy costs and capital costs of the dryer. The calculation of the
total thermal drying costs is based on Van 't Land and information from
manufacturers [Van 't Land, 1991; Pierik, 1997]. The following methodology is
adopted. Given the total amount of water to be evaporated to reach a moisture
contentof20%wb:
1. energy costsarecalculatedfromtheenergy neededforwaterevaporation;
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2. thedimensions ofthedryerandthusthecapitalcostsareassessed;
3. theelectricity coststo rotatethedrumarecalculated;
4. thetotaldrying costs arefound byadding 1, 2and 3and accommodating labour,
building costs,etc.
3.6 Transport and handling
Transport costs are based on information from Dutch transport organizations
[Remmers, 1996]. Stems are transported with a high volume truck (25.5 t, 120 m3,
costs 0.995 ECU/km) and chips and chunks with a container truck (25.5 t, 80 m3,
costs 1.0ECU/km).Handlingofchipsandchunks isdonewithashovelandofstems
withagrapple crane [Feenstra et al., 1995].The handling costs ofchips,chunksand
stemsare0.93, 1.04 and2.13 ECU/t DM,respectively (Table3,columns6and7).
4 Results
In Figure 1,the minimum cost chain design (in ECU/t DM) is presented for small
scalegasification to illustrate howthe minimum cost supply chains are selected.For
small scale combustion and large scale combustion and gasification, the minimum
chain design is not presented in detail because the general trend is equal to the
trendin Figure 1. InTable 6,the chaindesignwith minimum supply costs islistedfor
eachoptionofTable 1.Final resultsarepresented inFigures 2and3.
Table6:Minimumcostdesignofsupplychainsforsmallandlargescale combustion
and gasification as a function of the time span between harvest and energy
conversion(codesreferto Table 1).
Months
Smallscalecombustion
Smallscalegasification
Largescalecombustion
Largescalegasification

1
A4
B3
C9
D9

2
A4
B3
C9
D9

3
A4
B3
C9
D9

4
A2
B3
C9
D9

5
A2
B3
C6
D9

6 7 8 9
A2 A2 A2 A2 A2
B3 B2 B2 B2 B2
C4 C4 C4 C4 C4
D5 D5 D5 D5 D5

10 11 12
A2 A2
B2 B2
C4 C4
D5 D2

For chunks and stems,upto atime span of 5months, supply costs slowly decrease
due to decreasing costs for forced or thermal drying because the moisture content
decreases each month by natural drying. Between 5 and 6 months, supply costs
decrease sharply because the desired moisture content of 20%wb is reached which
means that noadditional drying is required.Between 7and 12 months,supply costs
increase again due to storage. The minimum supply costs vary from 17.6 to 26.1
22
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ECU/t DM.Regarding supply strategies to energy plants,for small scale gasification
for atime span of 1to 6 months,the chain designfor chips is upto 34%(8.9 ECU/t
DM) cheaper than for chunks and up to 45% (14.4 ECU/t DM) cheaper than for
stems. For a time span from 7 to 12 months,the supply chain with chunks is up to
13% (3.8 ECU/t DM) cheaper than with chips and up to 15% (4.2 ECU/t DM)
cheaperthanwithstems.
Costs(ECU/tDM)
32

2

3

4

5

6

7

8

9

10

11

12

Timespanbetweenharvestandenergyconversion(months)
Figure 1:Supplycostsof willow(ECU/tDM)to a smallscale gasificationplant asa
functionofthetimespanbetweenharvestandenergyconversion.
Figure 1shows the minimum chain costs for each harvest technique (chips, chunks
and stems). The chain design depends on the time span between harvest and
energy conversion. For the first 6 months, minimum supply costs are obtained with
chips (see also Table 6, second row) bythefollowing chain design:harvest as chips
and forced drying (no transport, because the plant is located near the willow fields).
The chain costs increase with time because covered storage is necessary after
forceddrying.For months 7to 12,minimum chain costsareobtained with chunks by
the following chain design: harvest as chunks, natural drying and decentral size
reduction to chips (no transport). Since the natural drying rate was assumed to be
5%absolute/month, no additional drying is necessary after 6 months storage
becausethe moisturecontent hasreached 20% wb.
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Costs(ECU/tDM)

2

3

4

5

6

7

8

9

10

11

12

Timespanbetweenharvestandenergyconversion(months)
~~••—smallscalecombustion " * ' smallscalegasification
A

largescalecombustion " "•" largescalegasification

Figure2:Supplycostsof willow(ECU/tDM)asa functionof thetimespan between
harvestandenergyconversion (i=chips, u=chunks, s=stems).
Figure 2 presents the minimum supply costs for all combinations of plant size and
conversion technology. The same time dependency as described earlier was
observed.
• For all options, for a time span of 1to 3 months between harvest and energy
conversion,theminimumcostchaindesign is harvest aschips,forceddryingand
transport (ifnecessary).
• For small and large scale combustion, for a time span of 4 to 12 months, the
minimumcostchaindesign is harvest aschunks,naturaldrying,forceddrying (in
month4 and 5 only) andtransport (if necessary). The reason is that chunks are
prone to natural drying and from month 4 onwards, enough natural drying has
occurred to render the chunk chain the cheapest option (for months 4 and 5
combined with forced drying). From month 6 on, chunks have reached a
moisture content of 20%wb by natural drying.Thus forced drying is superfluous
and chain costs decrease rapidly. The supply costs slowly increase because of
storage costs.The higher total chain costs of large scale combustion are due to
increasedtransportcosts.
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• For small and large scale gasification, for months 5 and 6 the minimum cost
chaindesign isharvest aschips,forceddrying andtransport (if necessary). From
months7to 11, harvest aschunks,naturaldrying,transport (ifnecessary) and
chipping (for small scale decentrally, for large scale centrally) have minimum
chain costs. Because decentral chipping is much more expensive than central
chipping, the total chain costs are close to each other for small and large scale
gasification, despite transport costs for large scale plants. For month 12, the
minimum cost chain design for large scale gasification is stem harvest, natural
drying, transport and central chipping. For small scale gasification, the chain
designafter month 12isequaltothechaindesignofmonths7to 11.
• Generally, it can be seen from Figure 2 that the supply chain for gasification is
more expensive than for combustion because of the stricter particle size
specifications ofgasificationplants.
Regarding supply strategies,for small scale combustion upto 31% (9.2 ECU/t DM),
for medium scale combustion up to 26% (8.8 ECU/t DM) and for medium scale
gasification up to 34% (11.1 ECU/t DM) can be gained by choosing the minimum
costchaindesign.
Table7:Costrangesfor thesupplychainsof willowfor differentenergy conversion
options;rangesbasedontimeinterval(1to 12months).
Typeofelectricity plant
Small scale combustion
Smallscale gasification
Large scale combustion
Large scale gasification

Costs
(ECU/t DM)
17.6-20.7
17.6-26.1
21.5-25.0
21.5-26.1

Costs
(ECU/kWh)
0.017-0.021
0.015-0.023
0.014-0.016
0.010-0.012

InFigure3,the supply costsarepresentedforsmall and large scale combustion and
gasification in ECU per kWhrConversion costs are not included in the chain costs.
Large scale gasification always entails the lowest chain costs because the high
energy conversion efficiency and consequently lower total fuel need fully
compensates forthe higher chain costs pert DM.The second cheapest supply chain
is for large scale combustion. The small scale conversion options yield the most
expensive chains. Foratime span upto 5months,the costdifference (in ECU/t DM)
between combustion and gasification is too small to be compensated for by the
higher efficiency of gasification but for a time span from 6 to 12 months, the cost
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difference (in ECU/t DM) issosmallthat gasification becomesthe cheaper option (in
ECU/kWh).Thecostsofthe minimumcostchaindesigns are presented inTable7.
Costs(ECU/kWh)
0.024

0.020

0.016

0.012

0.008
1

2

3

4

5

6

7

8

9

10

11

12

Timespanbetweenharvestandenergyconversion(months)
—•

smallscalecombustion " • " smallscalegasification

A

largescalecombustion " "•" largescalegasification

Figure3: Supplycostsof willow(ECU/kWh) as a functionof the timespan between
harvestandenergyconversion (i=chips, u=chunks, s=stems).

5 Discussion
In this study, the design of minimum cost supply chains is based on the physical
characteristics of the biomass fuel which predominantly are moisture content and
particle size. Besides physical characteristics, other characteristics (chemical,
biological, etc.) determine the suitability of willow as a biomass fuel but the
possibilities to influence those in the supply chain are very limited. Every process
step influences the moisture content or particle size of the willow fuel until the final
specifications ofthe energy plant are met. Iffine particles instead of chips or chunks
are required for a specific conversion technology, a new process step (grinding or
milling) has to be added to the chain and the minimum cost chain design can be
calculated again. Thus, the design of supply chains based on physical fuel
characteristics isausefultoolforselecting minimum cost supply chains.
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Data (costs, capacities, working hours, etc) for all process steps (harvest, storage,
drying, size reduction,transport and handling) andfor energy conversion are based
on literature and information from manufacturers. Usually data are case-specific.
Therefore, inthis study average values and costfigures were used.Thetotal supply
costs will change when different cost figures are used. However, the minimum cost
design of the supply chain is very constant despite changes in cost figures. For
instance,higher harvest costswill increase thetotal chaincosts butthe chaindesign
remains the same. A different willow yield (for instance 8 or 12 t DM/ha anually)
influences the total chain costs but it will hardly affect the supply strategy. All links
areexpressed as ECU/t DMandlower or higheryields influencethe linksof different
supply chains in the same way. However, different yields can affect the supply
strategy when for instance harvest machines are not fully utilized anymore due to a
loweryield butthisstudywas basedontheassumptionoffulluilizationofequipment.
The design of the supply chain is more sensitive to the fuel specifications of the
conversion technology. If specifications are changed to a moisture content of 10%
wb for example, total supply costs increase (more drying necessary) and natural
drying of chunks or stems will become the cheapest option beyond 7 or 8 months
after harvest.
Comparisonofthe resultswithother studies isdifficultfortwo mainreasons:
1. only the cheapest options possible were used in this study (because more
expensive optionswould never leadtoaminimumcostsupplychain);
2. studies are usually based on nationaldata andassumptions which differ between
countries.
However, the general supply strategy of this study shows the same trend as the
strategy reported byVodder Nielsenetal.[1997].
For natural and forced drying, mean drying rates and DM-losses were obtained
from literature. However, in wet months there will be little drying with bigger DMlosses and in dry months vice versa. By taking mean drying rates and DM-losses,
these problems are circumvented.The predicted drying rate over a short period can
be misestimated. For storage and natural and forced drying, different options are
considered (on gravel, under a shed, uncovered, covered, etc.). It is assumed that
different options have the same effect on the moisture content of the willow fuel
although it is possible that different options cause different results (for instance,
faster and more homogenous drying in a potato store compared to one single
ventilation duct under a large pile). This study refrained from the option to utilize
waste heat for forced or thermal drying. Although waste heat could reduce drying
costs and thus the supply costs considerably, there exists uncertainty about the
technical possibilities and the possible negative effect on the efficiency of electricity
generation.
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For long term storage, no interest costs are included. Supply chains are compared
for the same number of months between harvest and energy conversion. The
selection of the minimum cost supply chain is not influenced by the interest costs.
However, for the final costs it should be kept in mind that interest was not included
because inreality,the interestcostswill increasethetotalsupplycosts.
Inthis study, harvest aschips and longterm storage is not incorporated although
it is common practice. According to the methodology presented here, long term
storage of chipswill never result ina minimum cost supply chain because nodrying
occurs during storage while dry matter losses are high [Gigler et al., 1996; Nellist,
1996;Kofmanand Spinelli, 1997;Nellist, 1997a].Thus inall cases,forcedorthermal
drying will be necessary to meet the specifications at the energy plant.
Consequently, for chips only chains with forced drying immediately after harvest as
chips,inordertoavoid high DM-losses,wereincorporated.
6 Conclusions
It can be concluded that the minimum costs design of the supply of willow to an
energy plantdepends onthetime span between harvest and energy conversion and
the size and conversion technology of the plant. For small and large scale
combustion andgasification,thefuelsupply costs rangefrom 17.6to 26.1 ECU/t DM
and 0.010 to 0.023 ECU/kWh. It is important how costs are defined: for the willow
supplier,the costs pert DMare relevant whileforthe energy producer, the costs per
kWhoutput ofthe energy plant are more relevant. Our calculations have shown that
a concerted approach of willow suppliers and energy producers with respect to the
chain design is necessary to achieve the lowest total electricity costs from willow
fuel.
The cost reduction which can be achieved by choosing the minimum cost chain
design can be as high as 45% or 14.4 ECU/t DM. The harvest technique largely
determines the chain design because harvest determines how the willow fuel enters
the supply chain and which process steps are possible or necessary to deliver the
willow fuelattheenergy plantaccordingtothefuel specifications. The possibilities of
natural drying in the supply chain are important because they can reduce supply
costs drastically ifthe time for drying is large enough to reach a moisture content of
20%wbwhich isaround5to7months (depending onweather conditions).
Generally, the supply strategy with minimum costs to an energy plant running all
yearroundonwillowfuel isasfollows:
• forfarmers who should supply their willow within 6 months after harvest: harvest
aschips,forceddryingatthefarmandtransport (ifnecessary);
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• for farmers who should supply their willow beyond 6 months after harvest:
harvest as chunks or stems, natural drying near the willow field, transport (if
necessary)andcentralchipping (ifapplicable).
Ifthetotalamountoffueldeliveredtotheenergy plant istoosmalltoallowthe useof
morethanone largescale harvester (asforsmall scalecombustion andgasification),
the average supply costs for each harvest technique determine the minimum costs
option. For chips, chunks and stems, the average supply costs over a 12 months
period are for small scale combustion 23.7, 19.8 and 27.1 ECU/t DM, respectively,
and for small scale gasification 23.7, 25.2 and 29.5 ECU/t DM, respectively. Thus,
for small scale combustion,the cheapest option is harvest as chunks while for small
scale gasification, the cheapest option is harvest as chips. It should be noted that
underthese conditions,farmerswhodeliver theirfuel beyond 6 months after harvest
neverworkwith minimumcostsupplychains.
Comparing chain designs for combustion and gasification, generally the supply
chain for gasification is as expensive or more expensive than for combustion when
costs are expressed in ECU/t DM due to stricter particle size requirements at the
gasification plant (chips only). In ECU per kWh, generally supply costs for
gasification are lower than for combustion due to higher efficiency of energy
conversionwhich meansalowerfuelconsumption perkWh.
Comparing chain designs for small scale to large scale energy conversion,
generally smallscale ischeaperthan large scalewhen costs are expressed inECU/t
DM due to increased transport costs for large scale. When costs are expressed in
ECU per kWh, large scale is cheaper than small scale, due to the higher energy
conversion efficiencies.
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1. InthisChapter:drumdryershouldreadrotarydryer
2. InTable3,incolumns6and7(handling),row4(utilisation):9,600shouldread800

29

Drying characteristics
ofwillow chips and stems

JorgKGigler
Wilko KPvan Loon
Istvan Seres
GerritMeerdink
Jan WJ Coumans

Chapter 3.

Abstract
Drying characteristics of willow (Salixviminalis) chips, and willow stems, with and without bark
were investigated. The drying process was described with a diffusion equation. The effective
diffusivity was described as a power law relation ofthe moisture concentration. Drying of achip
andofastemwithout bark could besuccessfully described with adiffusion equation for aplane
sheet and a cylinder, respectively, with diffusivity D0=(3.0±1.0)*10"10 m2.s"1 and power law
coefficient a=0.3±0.1 (chip) and 0.3±0.2 (stem without bark). Because the effective diffusivity
increased withthe moisture content, awas positive. Drying of awillow stem with bark could be
successfully described asdryingofawillow stemwithout bark,surrounded byathin layer (bark)
with a much lower diffusivity (D6art,=(2.25±0.25) *10"12 m2.s"1and abark= -0.4±0.1). The effective
bark diffusivity increased with decreasing moisture content, due to bark shrinkage, and a
decreasing resistance of the bark to water transport. Consequently, abarkwas negative.
Comparedtoawillow chip,awillow stemwithout barkdriedapproximately 10times slowerfrom
fresh state to equilibrium moisture content, mainly due to the larger diffusion distance. A stem
with bark dried approximately 10 times slower than a willow stem without bark due to the low
barkdiffusivity.

1 Introduction
Willow short rotation coppice {Salix viminalis) can be used as a biomass fuel in an
energy plant [Gigler and Annevelink, 1998]. At harvest, the moisture content of
willow is approximately 1 kg water.(kg DM)"1 (DM = Dry Matter). For safe storage of
chips, the moisture content should preferably be less than 0.25 kg water.(kg DM)"1. A
low moisture content has a positive effect on boiler efficiency and on gaseous
emissions [Van den Broek et al., 1995; Liang et al., 1996]. Consequently, drying is
advisable. During harvest, a choice has to be made with respect to the harvest
technique. Harvest as chips or stems are the most common techniques. The harvest
technique determines the drying possibilities in the supply chain to an energy plant,
and thus, greatly influences the supply costs [Gigler et al., 1999a].
To gain more insight into the drying of willow, the drying characteristics of the
willow material are investigated. Several studies were reported in literature which
investigated drying and storage of wood fuels [Mitchell et al., 1988; Gislerud, 1990;
Gigler et al., 1996; Kofman & Spinelli, 1997]. However, these studies focussed
mainly on experimental work without describing the fundamental drying processes.
In addition to results from drying experiments with willow, Nellist [1997b] described
the drying process of willow chips with an empirical relation. The advantage of an
empirical relation is simplicity. The disadvantage is lack of anchorage in real physical
parameters, so the effect of different external conditions is more difficult to
accommodate. For drying of wood cylinders, modelling work was reported by
Schmalko et al. [1998], but no attempts to model the drying process of wood stems
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with bark have been reported.Theobjectives ofthis study arethe provision ofdrying
modelsforawillow chipandforawillow stemwhich are calibrated with experimental
data.
2 Wood drying theory
During drying of wood, water is transferred at the interface between product and
drying air [Crank, 1983; Strumillo and Kudra, 1986]. The mass flux <t>m of water is
driven by the difference between the moisture concentration of the air at the wood
surfacepa-,andthedrying a i r / ^ :

Simultaneously, a heat flux 0q takes place due to a difference in temperature
betweentheair inthe boundary layer Tajandthe bulk airTaib which,under adiabatic
conditions,suppliestheenergy necessaryforevaporation:
Sq=<*(T,j-T.»)

(2)

Between the mass and heattransfer coefficients, respectively k and a,the following
relationexists [Strumillo and Kudra,1986]:
a
k

(3)

= PaCps

where ndepends onthe particlegeometry (planesheet:n=0.67;cylinder: n=0.6).For
specific situations, empirical relations for Nu =f(Re,Pr)are available to calculate the
heat transfer coefficient. These relations are presented in Table 1for a plane sheet
andacylinder.
During a drying process, two periods can be distinguished. In the first so-called
constant drying rate period,thewater activity awat the surface of the wood is equal
to one (i.e. the water vapour concentration at the surface equals the saturated
concentration at surface temperature). Thus, at constant temperature, the driving
forcefor masstransfer isconstant which results inaconstant water flux.The energy
necessary for evaporation is supplied by the drying air. As a result, the product
temperature decreases to the wet bulb temperature. The ratio of the concentration
difference and the temperature difference between surface and bulk air can be
calculatedwiththepsychrometricequation:
Paj -Pa.b

=

PaCpa ( am

A

"

(4)

•T.J,
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After some time, the air moisture content at the surface of the wood will be lower
than the corresponding saturated moisture concentration (aw<1). In this case,
moisturediffusion inthewoodbecomesthelimitingfactor. Thisdryingstageiscalled
the falling drying rate period. Then, the wood temperature of a thin layer (with the
thickness equal to the particle thickness) can be calculated with the heat balance
[Sharp,1982]:
Pm(cm +owM)^-

=Pmhv ^ +U(TtJ> - Two)
(5)
or
ot
where thefirst term represents the enthalpy change ofthewood,the second term is
the heat loss due to moisture evaporation, and the third term gives the convective
heattransfertothewood.
The difference in water concentration between the wood interior and the wood
surface causes an internal water flux, which can be described by Fick's first law of
diffusion [Crank,1983]:
O m = -DVC

(6)

The fundamental differential equation of diffusion, which is referred to as Fick's
second lawofdiffusion,describesthe internalchangeofthewaterconcentration:
^ =V(DVC)

(7)

From equation (7), specific diffusion equations can be derived for a plane sheet, a
cylinder andasphere [Crank, 1983].Inthispaper, awillow chipwill beregarded asa
planesheet,awillow stem(withandwithout bark)will be regarded asan infinite long
cylinder (length/diameter»1). For both geometries, diffusion equations and initial
and boundary conditions are presented in Table 1. In Table 1,the initial condition
states a homogeneous initial moisture concentration. The first boundary condition
states symmetry around the centre of the material. The second boundary condition
statesthe masstransfer of moisturetothe air:the diffusive flux atthe edge (x=±Lor
r=R) is equal to the difference in air moisture concentration at the surface of the
woodpaj andthedryingairpa,b, multiplied bythe masstransfer coefficient k.
In the diffusion equation, all possible contributions to internal moisture transfer
are lumped into one effective diffusivity De/r.Itwas argued by Fyhr and Kemp [1998]
that a moisture dependent diffusivity is required for adequate modelling of low
temperature drying. Therefore, Deff is described with a power law relation of the
dimensionless moisture concentration m[Coumans, 1987;Lievense etal., 1990]:
Dsff =D0ma
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D0and aarefit parameterswhichare calculatedfromthe experimental dryingcurve.
Thedimensionless moisture concentration misdefinedas:

c-ce
m=

—

c0-ce
The moisture content of the wood will finally be in equilibrium with the drying air, as
the wood reaches its equilibrium moisture content (EMC). The relation between the
relative humidity and EMCatconstanttemperature isgiven bythesorptionisotherm.
3 Materials and methods
3.1 Willow material
Drying experiments with willow chips were conducted in 1998. Willow chips were
produced from 4 years old willow stems (Salix viminalisL.) with a mobile chipper
(Schliesing 660ZX). Two particle sizes were produced, classified as 'small' and
'large'. The dimensions of the chips were determined by taking 50 chips at random
from each size. Length,width en height of the chips were measured with a calliper
rule.Anappropriate parameter for characterization ofthe bulk material isthe particle
sizedistributionwhichwasdetermined bysieving [Curvers andGigler, 1996].
Drying experiments with willow stems were conducted in 1997. Willow samples
with a lengthof approximately 0.23 mwere cut from 3years old willow stems. Stem
radiiwere measured at the middle ofthe cylinder with a calliper rule.To ensurethat
only radial diffusion occurs, during the drying process, both ends of the cylinders
were sealed airtight with tape. Forthe drying experiments with willow stems without
bark, the bark of the stems was removed with a knife. Moisture contents were
determined from the weight loss of samples dried in a drying cabinet at 105 °C
during 72hours [ASAE Standard,1994].
3.2 Sorption isotherm
The sorption isotherm ofwillow was determined bydrying wood samples at different
constant relative humidities and temperatures. A constant relative humidity can be
created in a closed environment with saturated salt solutions (Table 2) [Weast,
1975]. A constant temperature was created by placing small containers filled with
saturated salt solutions in an insulated box with temperature-controlled water. The
measurements and the drying experiments were carried out at 20 °C. Fresh wood
samples were placed inthe containers just above the salt solutions. During several
weeks,the sampleswereweighed periodically untiltheweight change was lessthan
1%, which meantthatthe moisture contentwasatequilibrium.
36
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Table2: Relative humidity of saturated salt solutions at 20 °C [Weast, 1975]and
correspondingequilibriummoisturecontents(EMC)ofwillow.
Salt Solution
Lithium Chloride
Magnesium Chloride
Potassium Carbonate
Sodium Chloride
Ammonium Sulphate
Potassium Hydro Sulphate
Strontium Nitrate
Zinc Sulphate
Sodium Sulphate
Potassium Nitrate
Potassium Sulphate
Copper(ll)Sulphate

Relative Humidity

%

EMC (+SD)
kgwater,(kgDM)"1

11.3
33.1
43.2
75.5
81.0
85.6
86.9
89.7
92.5
94.0
97.6
97.7

0.04+ 0.01
0.10+ 0.03
0.10+ 0.01
0.19+ 0.01
0.20+ 0.03
0.23+ 0.01
0.23+ 0.01
0.26 + 0.01
0.71 ± 0.01
0.35 ± 0.01
1.33 ± 0.02
1.41 +0.10

Thewatersorption isothermwas basedonthe Modified-Halsey equationfor constant
temperature [ChenandVance Morey, 1989]:
a„ =expifiiM1*2) forM>0

(10)

where aw is the water activity and M the moisture content. The Modified-Halsey
equation contains twofit parameters (p1and p2)which were determined with a least
squaresfittingprocedure (leastsq) inMATLAB[TheMathWorks, 1999].
3.3 Drying equipment
The drying equipment consisted of 24 baskets (length x width: 0.3 x 0.2 m2) with a
perforated bottom,through which air with constant temperature and relative humidity
was forcedfrom below. Each basket was placed on a load sensor (maximum load2
kg, accuracy 0.1%). Drying experiments were carried out with a relative humidity of
60% and a temperature of 20 °C. At pre-set times, the weight of the baskets was
measured automatically.
For willow chips of each size class, the bottom of four baskets was covered with
one layer of chips. For willow stems, each basket contained three to six samples of
approximately the same radius. Measurements were done with multiple particles
(instead of one) to ensure enough mass per basket, in order to minimize the
influence of the measurement error of the load sensor on the experimental drying
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curves. Duetothe longduration (three months) ofthedryingexperimentswithwillow
stems, several problems occurred: mould growth, resprouting and an electricity
supplyfailure.Asa result,drying dataofoneweekwere lost butthe results (Figure4
and5)showthatthis lossdidnot influencetheexperimental dryingcurves.
The superficial airvelocity inthe baskets ofthe drying installation was measured
with air speed sensors to check the order of magnitude. The sensors (hot wire
anemometer, Schmidt SS20.011) were calibrated in the range 0.15-17.0 m.s"1. The
sensors were placed 2cmabovethe chips. Measurements were only carried out for
chips.
3.4 Mathematical solutions ofthedryingequations
The diffusion equations of the chip and stems were solved numerically by
discretization with the finite difference method of Crank-Nicolson [Von Rosenberg,
1977]. The particle was divided into n-1 homogenous layers. The diffusivity Den in
each layer was assumed to be a power law function of the moisture content [see
equation (8)]. Temperature dependence of the diffusivity was not incorporated
because the model was only intended for low temperature drying, at which
temperature differences, and thus the effect on the diffusivity, are low [Koponen,
1985]. The drying simulation models were designed in MATLAB. Temperature,
relative humidity and drying air velocity, together with the material characteristics
(effective diffusivity, initial moisture content, willow material dimensions), served as
input parameters. The output parameter was the wood moisture content as a
function oftime.
The following procedure was used to fit the drying model (diffusion equation
inclusive heat balance) to the experimental data of the willow chip and the stem
without bark:
1. The air velocity v was used to fit visually the drying model to the experimental
dataduringthe constant drying rate period.The reasonfor fitting vvisually inthe
constant rate period is that the experimental and the simulated drying curve
should have the same slope in the constant rate period, rather than minimum
differences (R?adj, which is the fraction of variance accounted for, was not
determined).
2. With the air velocity v fixed, the drying model was fitted to the complete
experimental drying curve using Do and a as fit parameters. For different
combinations of Doand a, R2ad/was determined and the combination with the
highestR^c*wasselected.
For the willow stem with bark, the outer layer (the bark) had a much smaller
diffusivity Debark thanthe inner layers.Deffibark was also assumed to be a power law
function ofthe moisture content. The drying model forthewillow stemwith barkwas
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fittedto the experimental data by using Dt,arkand abai* as fit parameters. For the inner
part of the stem, D0 and a were used which were determined for the willow stem
without bark. The air velocity v was not used in the fitting procedure because the
bark diffusivity limits the drying process. For all willow stem with bark, the thickness
of the n-1 layers was kept constant while the number of layers was variable.

4 Resultsanddiscussion
4.1 Willow material
The diffusion distance, defined as half the smallest dimension, was 1.0*10"3 m and
2.5*10"3m, respectively, for chip size classes 'small' and 'large' (Table 3).
Table 3: Dimensions (*1CT3 m ± SD) and initial average moisture contents [kg
water,(kg DM)'1 ± SD] of different size classes of willow chips.
Size
Small
Large

Length
8.3 ± 5.7
17.1 ±2.3

Width

Height

4.4 + 2.5
11.0 + 3.8

2.0 ±1.3
5.1 ±1.8

Ratio (I: w :h)
4.2 :2.2 :1
3.4 :2.2 : 1

MC
0.72± 0.05
0.78 ± 0.03

Generally, the ratio between length, width and height of the chips is 3 to 4 : 2 : 1. In
Figure 1, the particle size distribution of chip size classes 'small' and 'large' is
presented.
% oftotal
70
0 small • large
60
50
40
30
20

I

1

10
0
0-0.25

0.25-0.5

0.5-1.0

1.0-2.0

2.0-3.0

>3.0

Particle sizedistribution (range incm)
Figure 1:Particle size distribution of willow chips for size classes 'small' and 'large'.
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For size class 'small', 80% of the total weight consisted of particles between 0.25
and 1cm, and for size class 'large', 90%was between 0.5 and 2 cm. The average
radii and initial moisture contents ofthe willow stems are presented in Table 4. The
average final moisture content was 0.132 kg water.(kg DM)"1. The equilibrium
moisture contents (EMC) of the willow samples are presented in the last column of
Table 2for a temperature of 20 °C. The sorption isotherm is presented in Figure 2.
At constant air temperature (Ta=20 °C), the values of the fit parameters p1 and p2
were-0.017 and-1.6794, respectively.
Table 4:Averageradiiandinitialaverage moisturecontentsofwillowstems.
Sample

Radius
*10"2m+SD

MC
kgwater.(kg DM)"1

1-willow stemswithout bark
2 "
3 "
4 "
5 "
6 "
7 "

1.19 ±0.09
1.29 +0.05
1.47± 0.04
1.51 +0.05
1.68 +0.07
1.69 ±0.01
1.83 ±0.09

0.96
0.98
0.94
0.99
1.03
0.97
1.04

1-willowstemswithbark
2 "
3 "
4 "
5 "
6 "
7 "
8 "
9 "
10 "

1.09 +0.07
1.19 ±0.03
1.43 ±0.03
1.51 ±0.03
1.56 ±0.02
1.63 ±0.03
1.73 ±0.02
1.82 ±0.05
1.90 ±0.05
2.05 ±0.11

1.11
1.07
1.01
1.03
1.02
1.00
1.01
1.02
1.03
1.05

4.2 Dryingexperiments andsimulations
The order of magnitude of the superficial air velocity v in the baskets of the drying
installation was 0.1 to 0.2 m.s"1. Due to the non linearity of the equations in the
drying models, the fit parameters were hard to identify. Therefore, it was difficult to
determine confidence intervals with an optimization procedure [Hendrix, 1998].
Consequently, fordifferent combinations ofthe fit parameters D0and afor chips and
stems without bark, and Dbark and a ^ * for stems with bark, average R2adj were
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determined, based on the smallest and largest particle dimensions used in the
experiments (Table 5).Thefit parameterswiththe highest R2adjwere selectedforthe
model simulations. As a selection criterion, R2acij > 0.99 was chosen for the fit
parameters of chips and stems without bark, because due to the long constant
drying rate period, several combinations had a very high Rzadj.The confidence
intervals given hereafter areanapproximation basedonTable5.
MoistureContent(kgwater/kgDM)
1.6
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i

1.2
1
0.8
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0.4
_j^g^4k%

0.2
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0
0

0.1
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0.8

0.9

1

Figure2:Sorptionisothermof willowat 20 °C(• =experimentaldata, - =fittedline
accordingtotheModified-Halseyequation;R2adj= 0.70).
Willow chips: Figure 3 shows the experimental and simulated drying curves for
willow chips (note:time axis in 105s).Chip size'small' dried muchfasterthan'large'
due to the smaller diffusion distance. The diffusion equation for a plane sheet
described willow chip drying very well. The fitted values for the power law diffusion
were D0=(3.0±1.0)*10"10 m2.s"1 and a=0.3±01. The air velocity used in the drying
simulations was0.16m.s"1.Thearrows inFigure3indicatewhenthe constant drying
rate ends, according to the simulated drying curve. Drying of chip size 'large' was
simulated withthe average dimensions given inTable 3. For chip size 'small',achip
thickness (height) of 3.1*10"3 mwas selected, because simulated drying times with
the average thickness were too short. However, the selected thickness was well
withinthe rangeindicated.
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MoistureContent(kgwater/kgDM)
0.8
0.7
0.6
0.5
0.4
0.3
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0.8

1.2

1.4
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Time(*10 s)
Figure3:Simulated(—) versusexperimental(•,A) dryingcurvesforchips (small S;
largeL)(R2adj= 0.996);arrowsindicatetheendoftheconstantdryingrateperiod.
Willowstems withoutbark: Figure 4 shows the experimental and simulated drying
curves for willow stems without bark for the smallest and largest stem radii (note:
time axis in 106 s). The diffusion equation for a cylinder adequately described stem
drying.Thefitted valuesforthe power law diffusion were identical tothose for chips:
D0=(3.0±1.0)*10'10 m2.s"1 and a=0.3±0.2.The airvelocity used inthe simulations was
0.14 m.s"1.Thedrying ratesofthewillow stems becamesmallerwith increasing stem
diameter due to an increase of the diffusion distance. Between 0.4*106-0.6*106 s,
data are missingduetodataaquisition problems (indicated insection 3.3).
Willowstems withbark: Figure 5 shows the experimental and simulated drying
curves forwillow stemswith bark (note:time axis in 107 s).The system of a diffusion
equation for a cylinder, surrounded by a layer with a much lower diffusivity (bark),
adequately described stemdrying.Thefittedvaluesforthe power law diffusion ofthe
bark were D6arif=(2.25±0.25)*10"12 m2.s"1 and abari(=-0.4±0.1. The drying time
increases with stemdiameter dueto a larger diffusion distance. Figure 5also shows
that the drying experiment was terminated too early, because the stems with bark
with R=0.0205 mhadnotreached EMCattheendoftheexperiment.Around 0.1*107
s,data aremissingduetodataaquisition problems (indicated insection 3.3).
In Figure 3, 4 and 5, chips show the fastest drying rates because they have a
smaller diffusion distance than stems (without bark). Willow stems with bark dried
approximately 10 times slower than stems without bark, from fresh state to EMC,
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Moisture Content (kgwater/kg DM)
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Figure 4: Simulated (—) versus experimental (•, A) drying curves for willow stems
without bark for two radii (R2acij = 0.997); arrows indicate the end of the constant
drying rate period.
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Figure 5: Simulated (—) versus experimental (•, A) drying curves for willow stems
with bark for two radii (R2adj = 0.993).
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due to the low bark diffusivity. The order of magnitude of the wood diffusivity Dois 10"
10
m 2 .s' 1 which is in accordance with literature values [Koponen, 1984; Kayihan and
Stanish, 1984; Siau, 1984]. The effective diffusivity De/?ofthe chip and stem without
bark decreased with moisture content (a>0), which is also in accordance with
literature [Siau, 1984]. The effective bark diffusivity increased with moisture content
(abark<0),because the resistance to water transport of the stem decreased. During
visual inspection after termination of the drying experiment, cracks were observed in
the bark, and the bark had become loose from the rest of the stem at several places,
which may explain the reduced resistance of the bark to water transport at low
moisture contents. Also bark shrinkage was observed; indicative measurements
showed that the bark shrinked approximately 40%from fresh to oven dry state.
Table 5: Fraction variance accounted for, for different combinations of the fit
parameters Do and a for chips (top), stems without bark (centre), and stems with
bark (bottom) (bold: combinations according to selection criterion R2acij s 0.99;
underlined: combinations selected for model simulation).
Chips
D0*1010l
1
2
3
4

a—0
0.816
0.988
0.925

-

Stemswithoutbark
D0*1010l
a—0
1
0.798
2
0.988
3
0.938
4
5
6
-

0.1
0.690
0.996
0.958
0.906

0.1
0.668
0.990
0.968
0.922

Stemswithbark
Dbark*1012l afearic->-0.2
1.75
2
0.939
2.25
0.978
2.5
0.989
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-

0.2
0.527
0.987
0.983
0.938

0.2
0.499
0.971
0.989
0.953
0.915

-

-0.3
0.895
0.964
0.990
0.988

0.3
0.320
0.950
0.996
0.966

0.3

0.4

0.5

-

-

0.887
0.994
0.985

0.798
0.972
0.956

0.4

0.5

-

-

0.929
0.997
0.978
0.946

0.859
0.987
0.993
0.972
0.946

-

-04
0.930
0.982
0.993
0.978

-05
0.957
0.992
0.987
0.959

0.6

0.7

-

-

0.957
0.994
0.988
0.969

0.906
0.980
0.993
0.985

-06
0.977
0.992
0.971

-0.7
0.986
0.981

0.948
0.983
0.989
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5 Conclusions
Thefollowingconclusions aredrawn:
1. Drying of awillow chip and a stem without bark could be successfully described
withadiffusion equationforaplanesheetandacylinder, respectively.
2. Drying of awillow stem with bark could be successfully described as drying ofa
system consisting of a willow stem without bark, surrounded by a small layer
(bark)withamuch lower diffusivity.
3. Theeffectivediffusivities ofthewillowwoodandthe barkcan bedescribedwitha
power law relationofthedimensionless moisture concentration. For awillow chip
and a willow stem without bark, the values of the fit parameters were identical:
D0=(3.0±1.0)*10'10 m2.s"1 and a=0.3±0.1 and 0.3±0.2, respectively. The power
law coefficient a was positive because the effective diffusivity decreased with
decreasing moisture content. For the willow stemwith bark, the fit parameters of
the bark were Dt,ari<=(2.25±0.25)*1Cr12 m2.s"1 and abark= -0.4±0.1, while the
parameters of the inner part of the stem were equal to chips and stems without
bark. Power law coefficient a(,ari( was negative because the effective bark
diffusivity increased with a decreasing moisture content, due to a reduced
resistanceofthe barktowatertransport,andbarkshrinkage.
4. Awillow stemwithout barkdriedapproximately 10times slowerthan awillow chip
from fresh state to EMC, mainly due to the larger diffusion distance. A stem with
bark dried approximately 10 times slower than a stem without bark, from fresh
stateto EMC,mainly duetothe lower bark diffusivity.
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Notation
a

power law fit parameter for diffusivity, -

aba*

power law fit parameter for diffusivity, -

ath

thermal diffusivity, m 2 .s" 1

aw

water activity, -

cpa

specific heat of air, J . k g ' V 1

cw

specific heat of water, J.kg" 1 K' 1

c,™

specific heat of wood, J.kg'V" 1

C

water concentration, kg.m' 3

Ce

equilibrium water concentration of wood, kg.m' 3

CIL

water concentration at the surface of the wood chip, kg.m" 3
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C(,R
Co
Co,r
Co,x
D
Da
D&arft
Deft
Deff.bai*
Do
hv
k
L

m
M
n

r\ adj

t
Ta,b

'WO

u
v
x
X
a
<il,&2,tl3

A
M
Pti
Ps.b
Ps
Pwo

(Pa

Nu =

aX

water concentration atthesurface ofthewood cylinder, kg.m""
initialwater concentration,kg.nrf3
initialwater concentration ata radial coordinate, kg.m"3
initialwater concentration at aspace coordinate, kg.m"3
diffusivity ofwater inwood,m2.s"1
diffusivity ofwater inair,m2.s"1
initial bark diffusivity,m2.s"1
effective diffusivity ofwood,m2.s"1
effective barkdiffusivity,m2.s"1
initial diffusivity ofwater inwood,m2.s"1
heat ofdesorption ofwater,J.kg"1
masstransfer coefficient, m.s"1
half thesmallest dimension,m
dimensionless moisture concentration,water concentration ofwood, kgwater.(kg DM)"1
geometry parameter, radial space coordinate,m
radius,m
fraction ofvariance accounted for
time,s
airtemperature,K
air temperature atthewood surface i,K
temperature ofwood,K
overall heat transfer coefficient,W.m"3K"1
superficial airvelocity, m.s'1
space coordinate,m
characteristic dimension (chips: L,stems:2R),m
heat transfer coefficient,W.m"2K"1
fit parameters,thermalconductivity, W.m"1K"1
dynamic viscosity, kg.m"1s"1
water concentration ofair at thewood surface i,kg.m"3
water concentration of air inthe bulk,kg.m"3
air density,kg.m"3
wood density, (kgDM).m"3
mass flux, kg.m'2s'1
heatflux,J.m"2s"1
Nusselt number, -

Re =-Jls—
M

Reynolds number, •

uC
Pr = — —

Prandtl number, -
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Abstract
The forced convective drying process of willow chips was described with a deep bed drying
model. The model consisted of four partial differential equations which describe the water and
heatbalancesofbothwillowchipbedanddryingair.The modelwasvalidatedexperimentally for
bed moisture content, air temperature and relative humidity. The model adequately described
ambient airdryingofa 1mwillow chip bed.Atthetop layersofthechip bed,thedrying ratewas
overestimatedduetovapourcondensationwhichwas notincorporated intothe model.However,
thedryingmodelwasanappropriatetooltogaininsight intotheforcedconvectivedryingprocess
of willow chips. The drying costs of willow chips using farm facilities for storage and drying of
potatoeswereassessed,basedonaverage monthly weather data.Marchto Septemberwasthe
most suitable period for drying due to favourable ambient weather conditions. In this period,
energycostsfordryingfromamoisturecontentof 1 to0.18 kgwater.(kg DM)"1rangedfrom 12to
25 EURO.(t DM)"1, or from 28 to 59 EURO.(t DM)"1 when investment costs were partly
accommodated.

1 Introduction
Replacing fossil fuels by biomass reduces CO2 emissions. In this perspective, willow
(Salix viminalis) short rotation coppice gains increasing interest as biomass fuel.
Besides, growing willow can be an additional source of income for farmers. At
harvest, the moisture content of willow is approximately 1 kg water.(kg DM)' 1 . If
willow is harvested as chips, which is a common harvest technique, drying can be
advantageous because:
•

•

a lower moisture content enables long term bulk storage of willow chips with low
microbial activity, and thus low DM-losses and reduced health risks [Gjolsjd,
1988; Mitchell et al., 1988; Jirjis, 1995a];

a lower moisture content increases conversion efficiency of willow into electricity
and reduces gaseous emissions [Lyons et al., 1989;Van den Broek et al., 1995].
To reduce the moisture content of willow chips, farm facilities for potato storage and
drying may be used during periods that these facilities are not used for potatoes.
These facilities have a large capacity, are easily accessible, and equipment for
handling and drying of potatoes can be used for chips. Using farm facilities for willow
chip drying can be economically interesting because multiple use means that the
fixed costs of facilities and equipment can be shared by different products, and thus
increase the overall profitability for the farmer [Gigler et al., 1999a]. However, it is not
known to which extent the ventilation equipment for potatoes is suited for willow chip
drying. To evaluate the use of farm facilities for potatoes and the associated costs,
drying and pressure drop characteristics of willow chips, and average fan
characteristics should be combined.
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The drying process of a product can be predicted with appropriate drying models,
given product mass, product drying characteristics and drying air conditions. During
a drying process, two periods can be distinguished [Strumillo and Kudra, 1986]. In
the first so-called constant drying rate period, mainly water attached to the product
superficially isevaporated. Inthe second so-called falling drying rate period,internal
diffusion ofwatertothesurfaceofthe producttakesplace.
To describe the drying process in a product bed,different types of models exist
[Sharp, 1982; Parry, 1985; Kamke and Vanek, 1992; Kiranoudis et al., 1992;
Cenkowski et al., 1993]. Of these models, partial differential equation models (PDE
models) have agood physical basis. Nellist [1997b] described the drying process of
willow chipswith aPDE model butthewater balance of chipswasdescribed withan
empirical relation (Page's equation). Nellist validated the deep bed model
experimentally at different constant air temperatures, for chip bed temperature and
moisture content. The disadvantage of an empirical drying equation is that many
drying experiments at different air conditions are necessary to describe the drying
characteristics at different external conditions. If the water balance is based on
physical parameters,e.g.adiffusion model,the effect ofdifferent external conditions
can moreeasily beaccommodated [Gigler etal., 1999b].
The mainobjectives ofthecurrent studyare:
1. to provide adeep bed drying model forwillow chips, suited for varying drying air
conditions,which iscalibratedwithexperimentaldata;
2. to assess the technical possibilities and the associated costs of drying willow
chipswithfarmfacilitiesforpotatoes.

2 Theory
2.1 Deep beddrying model
For deep bed drying, PDE models have been described extensively for grain
[Spencer, 1969;Ingram,1976;Sharp, 1982;Lawsand Parry, 1983;Parry, 1985;Sun
etal., 1995].A PDE model containsfour coupled balance equationsdescribing water
and energy balances of both product and drying air. Moisture and temperature
gradients in product and air are accounted for. The main assumptions of the deep
bed modelsare [Sunetal., 1995]:
• shrinkageduringdrying isnegligible;
• uniform packingdensityoftheproductbed;
• heatconduction inthe bedisnegligible;
• uniform airflowthroughthe bed (plugtype);
• temperature gradientswithin individual particles arenegligible;
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• heat capacities are constant;
• evaporating water extracts heat ofdesorption from the product and enters theair
stream as water vapour atproduct temperature.
For willow chips, a detailed explanation of a deep beddrying PDEmodel is given
hereafter. Thewater balance of the drying air is based ontheassumption thatthe
water gradient iscaused byevaporation ofwater from the wood:
vp

dH

dM

°M=-p«°-w

(1)

The energy balance ofthe airdescribes the change ofthe enthalpy ofthe air, which
is equal to the heat loss by heating of the evaporated water from wood to air
temperature, and the heat transfer from air to wood:
,3T _
8M_
vps(cpa +cvH)-^r a=pmPmCvia
cv(T. -Two)u—
wo) -U(Ta -Tw0)
8X~
dt

(2)

Equations (1-2)are steady state balances: the storage terms involving dH/dt in
equation (1) and dljdt in equation (2) are not taken into account because,
quantitatively, their contributions totheequations arenegligible [Ingram, 1976].The
energy balance of the wood states that the change of the enthalpy of thewood is
equal to the heat needed for evaporation andthe heat transfer from theairtothe
wood:
Pm(cwo + cwM)^

=pmhv ^ +U(T. - T w o )

(3)

In our approach, the water lost inthe willow chip bed inequation (1-3), 8M/dt, is the
water transferred from thechip surface totheair. This water has todiffuse fromthe
interior of thechip to the surface, as represented by a diffusion model fora plane
sheet [Crank, 1983; Gigler etal., 1999b]:
dC

8 ,n

ec,

-el-T^^
The average chip moisture concentration Cav is equal to pw0M- Oneinitial and two
boundary conditions arenecessary tofully describe theinternal diffusion process in
the chip. Theinitial condition states a homogeneous initial moisture concentration.
The first boundary condition states symmetry around the centre of the chip. The
second boundary condition describes the mass transfer of moisture to theair: the
diffusive flux at the edge (x=±L) is equal to the difference in air moisture
concentration atthesurface ofthe wood paj and inthedrying air/?a,b, multiplied by
the mass transfer coefficientk:
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t>0,

x=±L.

- D

^ = k(p,J-p.Jb)
(5)
ox
All possible contributions to internal moisture transfer are lumped into one effective
diffusivity Deff for the chip, which is described with a power law relation of the
dimensionless moisture concentration m[Coumans, 1987;Lievenseetal., 1990]:
t g

Deff =D0ma

(6)

where Do and a arefit parameters. The heat transfer coefficient a can be calculated
with anempirical relationforNu=f(Re,Pr) forapacked bed[Whitaker, 1972]:
Nu=(0.5Re°s+ 0.2Re067)Pr033

(7)

The masstransfercoefficient kcanbecalculatedfroma accordingto:
0.67

a

<**>

(8)

The water sorption isotherm describes the water activity aw at the surface of the
wood which is in equilibrium with the relative humidity of the air. The water sorption
isotherm was based on the Modified-Halsey equation for constant temperature
[ChenandVance Morey,1989]:
aw =exp{p,M"2)

forM>0

(9)

At constant air temperature (7"a=20 °C), fi, and p\ are -0.017 and -1.6794,
respectively.
2.2 Pressure drop characteristics
During forced drying, the air pressure drop over a product bed determines the
volume flow of air through the bed for a given fan. For laminar airflows (Re<3), the
pressure drop isalinearfunction ofthe superficial air velocity (Darcy's law). Forfully
turbulent airflow (Re>600), this relation is quadratic. For near laminar flows
(3<Re<600), the relation contains both a linear and a quadratic velocity term [Bear
andCorapcioglu, 1984].Here,anempirical relation isused:
AP=hk1vk>

(10)

where k1and fo are fit parameters which depend on size and shape of the willow
chips. The fit parameters can be determined from experimental data. Gustafsson
[1988], Kofman and Spinelli [1997] and Nellist [1997b] derived values of the fit
parameters of equation (10) for wood chips. In the size range 10-25 mm, the
average values of the fit parameters are k1='\,755 and /C2=1.67. When the
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characteristics of drying and pressure drop in the product, and the drying air
conditionsareknown,foragivenfanthedryingtimecanbedetermined (section3).

3 Materialsandmethods
3.1 Willow material
Forthe thin layer and deep bed drying experiments, different batches of chips were
produced from 4 years old willow stems (Salix viminalis L). The particle size
distribution ofthe chips was determined by sieving [Curvers and Gigler, 1996].Chip
dimensions were measuredwith acalliper-square for 50chips taken at random from
the two predominant sieving fractions. The moisture content was determined by
dryingat 105°Cfor 72 hours [ASAE, 1994]. Chip size,diffusion distance (defined as
half the smallest chip dimension) and particle size distribution of the thin layer and
deep beddrying experiments were inthe same order of magnitude (Table 1), buton
average, the chips of the thin layer drying experiments were slightly larger. The
values of the fit parameters of equation (6) were determined as D0=(3.0±1.0)*10"10
m2.s"1and a=0.3±0.1 [Gigler etal.,1999b].
3.2 Drying equipment
Thin layerdryingexperiments:Thedryingequipment consisted ofaseriesof baskets
with perforated bottoms. From below,drying airwith constant relative humidity (60%)
andtemperature (20 °C)was blownthrough the baskets,filledwithwillow chips.The
superficial air velocity varied from 0.1 to 0.2 m.s"1. The baskets were weighed
continuously on load sensorswhich sampled automatically at pre-settimes [Gigler et
al., 1999b]. Four baskets contained a chip layer of 1cm and four baskets contained
a layer of 8 cm. The drying curves of the 1 and 8 cm layers were determined by
takingtheaverage offour repetitions.
Table1:Characteristics ofthewillowchips.
Characteristics
Length, 10"3m
Width, 10 3 m
Height, 10"3m
Diffusion distance L, 10"3m
Equivalent particlediameter Dp,10"3m
Initial moisturecontent, kgwater.(kg DM)"1
Particlesize distribution3
% oftotalweight inthe range 0.5-2.0 cm
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Thin layer
17.1 +2.3
11.0+3.8
5.1 ±1.8
2.6 ±0.9
8.7
0.78 ± 0.03
>80%

Deep bed
13.3+7.1
8.8 ±4.2
4.5 ±2.2
2.3 ±1.1
7.3
0.75 ± 0.02
>80%
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Deep bed drying experiment: The deep bed drying equipment consisted of four
commonly used potato boxes with dimensions 1.05 x 1.35 x 1 m3 (Ix w x h) which
had closed side walls and perforated bottoms.The bottom of each box had anopen
pallet-like construction which enabled a draught of drying air through several boxes
in a row simultaneously (see Figure 1). The boxes were put on a rectangular metal
frame whichwas supported byfour load sensors with a range of 1,000 kg (HBM, 10
kN).The boxeswerefilledwithwillowchips,andambient airwasforcedthrough bya
fan.Thefollowingdatawere recordedevery600s(data logger: Datataker DT500):
• totalweightofthe boxes (loadsensor);
• temperature (PT100 sensor) and relative humidity (Rotronic sensor) of incoming
ambientdryingair;
• temperature andrelative humidity (Rotronic sensor)oftheair inthe boxclosestto
the incomingairataheightof0.2,0.4,0.6,0.8 and 1m;
• meantemperature atthecentreofallboxes (thermocouples);
• superficial velocity of the air (hot wire anemometer Schmidt SS20.011),
approximately 10cmabovethetopchip layer.
Before and after drying, samples were taken to determine the average initial and
final moisture content. The moisture content as a function of time was calculated
fromtheweight lossduringdrying.Theexperiment startedat March20,1998,3PM.
• RH+Tsensorsbox 1
x airvelocitysensors
X

100cm
80cm
60cm
40 cm
20cm

•
•
•
•
•

* RH+Tsensorambientair
thermocouples

#

X

X

1

2
•

•

x
3

4
•

drying
air

•

£

potato
boxes

loadsensors

Figure1:Sideviewofthelargescaledryingequipment.
3.3 Mathematical solutions ofthedrying equations
The diffusion equation was solved numerically by discretization with the finite
difference method of Crank-Nicolson. The deep bed drying model was solved with
an Euler forward finite difference method. The product bed was assumed to be
53

Chapter 4

divided into several thin layers.The outlet conditions of one layer were used as the
inlet conditions of the layer above. Each layer was assumed to be uniform in
moisture content and temperature [Sharp, 1982]. Drying models were programmed
in MATLAB [The MathWorks, 1999]. Input parameters were temperature, relative
humidity and velocity of the drying air and the material characteristics (diffusivity,
chip dimensions, initial bed moisture content and temperature). Output parameters
were moisture content and temperature of the chip layers, and temperature and
relative humidityofthedrying air.
The deep bed drying model was calibrated on the experimental data with the
followingfitparameters:
• airvelocity vinthe bed,because the superficial velocity ofthe airwas measured
butnotaspreciseasrequired;
• bed heat transfer coefficient \J=a*Asp. a was approximated with a Nu-relation
which generally has an accuracy of ±25%;Asp was calculated assuming that all
chips inthe bedfully contributedtothe specific surface area,but in reality Asp will
besmallerduetomutualoverlap [GlaserandThodos, 1958;Whitaker, 1972];
• chipsizeL,tocomplywiththe rangeofthe measuredaverage chipsize.
The 1cm chip layer was used to calibrate the deep bed model on the experimental
data.Thefollowing procedurewasadopted:
1. By varying air velocity v and bed heat transfer coefficient a*Asp, the deep bed
drying model was calibrated onthe experimental data during the constant drying
rate periodtofitthe slopeofthedrying curve. External conditions limitthe drying
process intheconstantdrying rate period.Thefraction ofvariance accounted for,
F^adj, wasdeterminedfordifferent combinations ofvanda*Asp.
2. With v and a*Asp fixed, chip thickness L was used to calibrate the drying model
on the experimental data during the falling drying rate period. Inthis period,the
materialcharacteristics limitthedryingprocess.
Step 1 and 2 were repeated with the new fitted value for L until the optimal
combination was found. For the 8 cm chip bed,the values of chip thickness L and
a*Aspfromthefit procedure for a 1cm bedwere used.Only airvelocity vwasvaried
to fit the model on the experimental drying data, because the measured velocity of
the air inthe drying equipment varied between 0.1 and0.2 m.s'1.Thefinal values of
thefit parameters for the model simulations were selected by estimating the median
from the values matching the criterion R2aCjj&0.995. This criterion was used to limit
the range of valid fit parameters because these were not very sensitive to small
changes.
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3.4 Dryingwithfarmfacilities
Agricultural facilities for potato storage and drying differ between countries. In this
paper, calculations are presented for the typical situation in the Netherlands where
the average potato store is for 800t or 1,230m3of potatoes, at a storage height of
3.5 m. For potato drying, axial fans are used which have reasonable plane fan
characteristics (slowly decreasing pressure drop at higher airflows). Ventilation
equipment is usually designed for an airflow of 100 m3 air.(m3 product, h)"1 at a
pressuredropof 150Pa,withanaverage capacity ofapproximately 25,000 m3air.h'1
perfan. Generally,the pressuredropoftheairdistribution equipment is 100Pa[Van
Dusseldorp, 1987;Scheer, 1989].
For many agricultural andwood products, as a ruleofthumb,a moisture content
below 15to 20% (wet base) or 0.18 to 0.25 kgwater.(kg DM)"1 is regarded as safe
for long term storage, without the risk of microbial degradation [Gustafsson, 1988].
For willow, it is assumed that the initial moisture content (at harvest) is 1.0 kg
water.(kg DM)"1,thetarget moisturecontentafterdrying is0.18 kgwater.(kg DM)"1to
guarantee safe storage. Based onexperimental data, itwas assumed that drying air
leaves the chip bed always fully saturated (section 4). The following methodology
wasadoptedtocalculatethecostsofforcedconvectivedryingofwillowchips:
1. giventhe Dutchaverage monthly ambient RHand airtemperature,theamount of
water the air can take up to reach full saturation at wet bulb temperature was
calculatedforeachmonth [KNMI,1995];
2. from characteristics of an average fan (type: DLM10), the pressure drop in
potatoesatdifferent airflowswasdetermined [IMAG,1985];
3. for several combinations of pressure drop and airflow for potatoes,the maximum
height at which willow chips can be stored in a potato store and the associated
quantity of chipswere determined;the pressure drop ofthe chips was calculated
withequation(10);
4. for different chip quantities, the total volume of air necessary to evaporate all
waterandthedryingtimewerecalculated;
5. costsoffarmfacilities weredetermined andthe share made specifically forwillow
wascalculated [Gigleretal., 1999a];
6. from the pressure drop and the total amount of air needed, fan energy
consumptionwasdetermined [Gustafsson, 1988];
7. facility andenergy costswereaddedtodeterminethetotal costsfordifferent chip
bedheights indifferent months [Gigleretal., 1999a].
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4 Results and discussion
4.1 Drying experiments
Thinlayer dryingexperiments:The fitted values of the 1 cm chip bed,which were
selected for model simulation from Table 2 and 3, were (R2a(jj ^ 0.995 given for
completeness): v=0.12±0.04m.s"1,a*Asp=0.5±0.3 W.m"3rC1and L=(2.8±0.1)*10"3m.
Table 2: Fraction variance accounted for by different combinations of the fit
parametersa*Asp and v for the 1cm willowchipbed (bold: combinations according
to selection criterion F^adj£ 0.995; underlined: combination selected for model
simulation).
a*Asp

n

0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.22
0.24
0.26
0.28
0.30

^0.1
0.802
0.827
0.852

0.2
0.954
0.968
0.978
0.985
0.989
0.993
0.995
0.996

0.3
0.970
0.985
0.992
0.996
0.998
0.998
0.998
0.998
0.998
0.997
0.997

0.4
0.984
0.994
0.998
0.998
0.998
0.997
0.997
0.996
0.995
0.994
0.994
0.993

0.5
0.933
0.983
0.996
0.998
0.998
0.997
0.996
0.995
0.994
0.993
0.993
0.992
-

0.6
0.964
0.993
0.998
0.998
0.997
0.996
0.994
0.993
0.993
0.992
-

0.7
0.980
0.997
0.998
0.997
0.996
0.994
0.993
-

0.8
0.988
0.998
0.998
0.996
0.995
0.994
-

0.9
0.992
0.998
0.997
0.996
0.994
-

Thefittedvalueof a*Aspwas50%ofthe calculated value.Thisdifference wasdueto
the low accuracy of the Nu number (±25%), and the fact that relations for Nu
numbers for packed beds are significantly lower for shapes like cubes compared to
sphericalobjects [Whitaker, 1972]. Furthermore,theeffective specific surface areain
the chip bed is considerably reduced due to mutual overlap [Glaser and Thodos,
1958; Whitaker, 1972].The fitted value of diffusion distance L was within the range
presented inTable 1.
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Table3:Fractionvarianceaccountedforby fitparameterL for the 1cm willowchip
bed (bold: combinationsaccording to selection criterion R2a<*^ 0.995; underlined:
combination selectedformodelsimulation).
Fit parameter L, 10"3m
"

2.5
0.985

atfy

2.6
0.993

2.7
0.998

2.8
0.998

2.9
0.996

3.0
0.989

3.1
0.979

For the 8 cm chip layer, the fitted value for the superficial velocity of the air was
v=0.17 m.s"1 (±0.01, Table 4) which is aboutthe same as the fitted values for the 1
cm chip bed. Figure 2 shows that the fit between the simulated and experimental
dryingcurveswasverygood.
Table4: Fractionvarianceaccountedforby fitparameter vfor the 8 cm willow chip
bed (bold: combinations according to selection criterion R2ady ^ 0.995; underlined:
combination selectedformodelsimulation).
Fitparameter v,m.s"1

0.14
0.982

Rad]

0.15
0.993

0.17
0.999

0.16
0.998

0.18
0.998

0.19
0.994

0.20
0.989

MoistureContent(kgwater/kgDM)
0.8
I

0.7
0.6
0.5
0.4
0.3
0.2

V.

\ . 8cm bed

1 cm ^°>N«»Jjr*-f-frt

) ) n

0.1
0.5

1.5

1

2.5

5

Time(*10 s)
Figure2: Simulated( — ) versusexperimental(A, %)drying curvesof willow chips
forachipbedof 1 and8 cm.
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Deep bed drying experiment:The total quantity of willow chips in this experiment
was 1,440 kg. It was assumed that, during drying,only moisture was lost, and that
the total quantity of dry matter remained constant. Figure 3 (top) shows the RH
(Relative Humidity) of the ambient air (IN) and the RH in the chip box at different
heights (from 0.2 to 1m)asafunction oftime (h). Because the RH indicated values
larger than 100%, RH-data were corrected for measurement errors by subtracting
theamount above 100%fromthewholedatasetforeach RHsensor.
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Figure3: Measuredrelativehumidity(top)and temperature(bottom)of theambient
air and in the 1 m chip bed at different heights (0.2, 0.4, 0.6, 0.8 and 1 m). IN
representsincomingairconditions.
The drying air left the chip bed fully saturated until the equilibrium moisture content
(EMC) was (nearly) reached. The progression of the drying front through the chip
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bed can clearly be observed by a sharp drop of the RH to the ambient RH (for
instance, Figure 3at ca 24 hat 0.2 m),which indicates that the part ofthe chip bed
underthe sensor has (nearly) reached EMC.The willow chip bed reached its lowest
moisture content after ca 124 h.Thevelocity ofthedryingfrontwas not constant, as
indicated bythe varying time pattern of the drying fronts, aswell as by the slope of
the RH-curve when the drying front passes.This variation is due to variations of the
ambient RH and temperature: at low RH (0.2 m), the drying front will move faster
thanathigh RH(0.4 m).Betweena heightof0.8 mand 1m,the dryingfront slowed
down despite the low RH of the ambient air which was probably caused by vapour
condensation inthetoplayers.
Figure 3 (bottom) shows the ambient air temperature and chip bed temperature
at different heights in the chip box. The air temperature rises from wet bulb to
ambient air temperature (indicated by circles) after the drying front has passed,
which is in accordance with the pattern of the RH graph. In Figure 3, the day-night
rhythmofthe RHandtemperature canalso beobserved.
Figure 4 (top) shows the measured and simulated average moisture content of
the willow chip bed as a function of time. The simulated moisture content at 124 h,
0.10 kgwater.(kg DM)"1,was inaccordancewiththe measuredfinal moisture content
of 0.11±0.01 kg water, (kg DM)'1. The air velocity in the chip bed, used for the
simulations, was 0.55 m.s"1which is plausible because the measured superficial air
velocity was in the range of 0.3 m.s'1. The drying model adequately described the
experimental dryingcurveexceptforthetimeinterval90-120hrs.
In Figure 4 (middle), the simulated and measured RH is shown. At a height of
0.2, 0.4, 0.6 and 0.8 m,the drying model successfully describes the measured RH.
Smalldifferences are probablydueto inaccuracieswith respecttothe positionofthe
RH-sensors in the chip bed. However, at 1 m, a time delay occurs. Due to vapour
condensation in the top chip layers, the drying rate is overestimated here because
condensation was not incorporated into the model. Condensation can be explained
asfollows.Thechip bedtemperaturewillfollowthe ambient airtemperature butwith
some time delay. At ca 110 h, the temperature of the ambient air rises from 5 to
19°C.Becausethetemperature rise inthe chip bedisslower,the dryingair iscooled
while goingthroughthe chip bed.Inthetop layers,thedrying airwill meetthe colder
part of the bed, which is the last part to be heated by the air, and consequently,
condensation will occur. This phenomenon occurs especially around 110 h because
thenthetemperature difference is large (14°C). However, evenwithout incorporation
of condensation into the drying model, the model predicted the drying process
adequately.
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In Figure 4 (bottom), the bold line represents the ambient air temperature. At 0.2 and
0.6 m, the simulated air temperature adequately describes the measured
temperature. As discussed before, at 1 m, the time delay is due to the fact that
condensation was not incorporated into our drying model.
4.2 Possibilities of drying willow chips in a potato store
The costs of drying willow chips in a potato store are time dependent (Figure 5)
because in dry months, the amount of air needed to evaporate a certain amount of
water is smaller than in wet months. The storage height has little effect on drying
costs: the drying time increases with storage height, but the higher drying costs are
largely compensated by a higher chip volume. From September until February (in
some cases even for a longer period), a potato store is normally used for potatoes
and, thus, not available for chip drying. However, this period is economically not
interesting due to unfavourable drying air conditions (Figure 5). The evaluation is
focussed on the period from March to September. Energy costs for fan electricity
vary from 12 to 25 EURO.(t DM)"1. The drying time varies from 21 to 100 days at a
storage height of 1.1m and more than 4 m, respectively.
Costs (EURO/t DM)

• =4.6m
"0"=2:5m"

• =1.1 m

3^£
5

6

7

8

Month number

Figure 5: Energy costs (-—) and total costs (—) of forced convective drying of
willow chips in a potato store at different storage heights; the dashed window
indicates the period which is focused on.
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Total costs, which include energy costs and investment costs for the share that
facilities areusedforchips, rangefrom 28to 59 EURO.(t DM)"1. Energy costsareon
average 44% of the total costs. It seems realistic to assign only energy costs to
willow chips, because the overall profit of all activities determines the total farmer's
income. Figure 5 also shows that May to August is most profitable for drying but
then, the period between harvest (November to March) and drying is at least 1
month, which causes additional handling and intermediate storage problems (such
as DM-losses and internal heating). Thus, in reality, drying costs will probably be
closetocosts inMarchwhich is25EURO.(tDM)"1.
The cost calculations are based on assumptions with respect to initial and target
moisture content,technical possibilities,costs,weather conditions etc.Asmaller chip
size (<10 mm) increasesthe pressure drop and,thus,causes higher drying costs.A
lower initial or higher target moisture content will decrease the drying costs. From
October to March, drying times of up to 300 days were calculated because it was
assumedthatdryingtook placewiththedryingairconditions ofone particularmonth.
However, the period October to March was not focussed on. For the other months,
theerrorduetothisassumption issmallbecausedryingairconditionsdonotvaryas
much as from October to March. The calculations attempt to indicate the order of
magnitude of the drying costs. Handling costs for filling and emptying the potato
store were not incorporated here, but they will increase the total drying costs. The
calculations show that drying costs for willow chips at agricultural facilities can be
considerable, compared to for example harvest costs [12-14 EURO.(t DM)"1] and,
thus,canbecomeaconsiderable costfactor inthesupply chain [Lyonsetal., 1989].

5 Conclusions
A PDE deep bed drying model was developed to describe forced convective drying
of willow chips. The model, which was validated experimentally for bed moisture
content, air temperature and relative humidity, adequately described ambient air
drying in a 1mwillow chip bed. Drying air left the bed constantly saturated until the
chipswere atequilibrium moisture content. A sharp drying front was observed inthe
chip bed.At thetop layers ofthe chip bed,dueto vapour condensation (which was
not incorporated intothe model),thedrying ratewasoverestimated.
The energy costs of drying willow chips at farm facilities for potato storage and
drying were time dependent and ranged from 12 to 25 EURO.(t DM)"1. March to
August was the most suitable period for drying, due to favourable ambient weather
conditions. Drying costs were hardly influenced by storage height. If investment
costs of the facilities were assigned to willow during use for willow, costs ranged
from 28 to 59 EURO.(t DM)"1. The costs of continuous forced convective drying of
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willow chips usingfarm facilities can become a considerable factor inthe total costs
ofthesupply chaincomparedto,forexample,harvestcosts.
The PDE drying model is an appropriate tool to gain insight into the forced
convective drying process of willow chips. To estimate the drying time for willow
chips, a simple approach, assuming that drying air leaves the chip bed always
saturated atwet bulbtemperature,iscorrectand sufficient.
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Notation
aint
alh
aw
A
cpa
c„
cw
cw0
C
Ca„
Ce
Cu
Da
Dell
D0
DM
h
hv
H
k
/c,
k2
L
M
AP
s2data
s2mod

power lawfitparameter fordiffusivity, thermal diffusivity, m2.s"1
water activity, area, m 2
specific heat ofair, J.kg"1K"1
specific heat ofwater vapour, J.kg' 1K'1
specific heat ofwater, J.kg"1K"1
specific heat ofwood, J.kg"1K"1
water concentration, kg.m" 3
average water concentration ofthe wood chip, kg.m" 3
equilibrium water concentration, kg.m" 3
water concentration atthesurface ofthewood chip,kg.m"3
diffusivity ofwater inair,m2.s"1
effective diffusivity ofwater inwood,m2.s"1
initial diffusivity ofwater inwood,m2.s"1
dry matter, kg
height ofthe chip bed, m
heat ofdesorption ofwater, J.kg" 1
water concentration ofair, kgwater.(kg dryair)" 1
mass transfer coefficient, m.s"1
fitparameter forpressure drop, Pas.m" 2
fitparameter forpressure drop, diffusion distance (half the smallest chip dimension), m
average moisture content ofw o o d , kg water.(kg DM)" 1
pressure drop,Pa
data variance, modelvariance,-
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f
Ta
Tm
v
V
x
X
a
Phfafh
E
X
[i
pa
paJ
paib
/Vo

time, s
airtemperature, K
wood temperature, K
airvelocity, m.s"1
volume, m 3
space coordinate ina single willow chip, m
space coordinate inthe willow bed, m
heat transfer coefficient, W.m" 2 K" 1
fit parameters ofHalsey equation, bedporosity, thermal conductivity, W.m"1K"1
dynamic viscosity, kg.m'V 1
air density, kg.m" 3
water concentration ofairatthe wood surface, kg.m" 3
water concentration ofairinthebulk, kg.m" 3
wood density, kg DM.m" 3

.
1 -s
Asp =

<
specific surface area, m

u. = —
9

equivalent particle diameter, m

A

c-ce
m =

—

dimensionless moisture concentration,•

c0-ce
U = oAsp
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Nu =
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£

P

1-s Nusselt number, •

X
uc
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Prandtl number,
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Abstract
The naturalwind drying process ofwillow (Salixviminalis) stems inlarge pileswas investigated.
A simple drying modelwas providedfor stems.Large scale drying experiments were conducted
and dryingdatawere statistically analysed.Itwas investigatedwhether drying inapile ofwillow
stemswas uniform.After harvest, during storage untilAugust the average pile moisture content
was reducedfrom about 1.0 tobetween0.2and0.3 kgwater.(kg DM)"1,which approximates the
equilibrium moisturecontent.Moisturediffusionwithinawillow stemisalongterm processwhich
isgoverned bythe relative air humidity andambienttemperature. Evaporation of moisture atthe
outside of awillow stem is ashort term process which is governed by rainfall,wind and global
radiation.Within a single willow stem,the moisture content was more or less uniform.A pile of
willow stems dried uniformly, except for thetop ofthe pile,which forms only a small part ofthe
pile. Covering the pile had no long term effect on the moisture content. The results of natural
drying ofwillow stems indicatethatstorage ofwillow stems in large piles is anefficient lowcost
dryingmethod.

1 Introduction
Willow short rotation coppice (Salix viminalis) gains increasing interest as biomass
fuel. However, willow is more expensive than other biomass fuels such as forest
thinnings and prunings. Measures that decrease the costs of delivered willow fuel
per unit of energy are necessary. Cost reduction can be achieved by reducing the
production costs of willow coppice, the supply costs to an energy plant (logistics),
and the energy conversion costs. The supply costs of willow which amount to 10 to
20% of the total costs [Coelman et al., 1996] depend on the time span between
harvest and energy conversion. If the time span is less than half a year, a
combination of harvest as chips and forced convective drying at the farm is the
cheapest option. If this time span is around half a year or longer, a combination of
harvest as stems and natural wind drying is cheaper than harvest as chips and
forced drying [Gigler et al., 1999a]. Drying is advantageous with respect to the
conversion efficiency and gaseous emissions of the energy plant [Riley and
Drechsel, 1983; Lyons et al., 1989; Van den Broek et al., 1995; Liang et al., 1996].
Forced convective drying of chips was described by Gigler et al. [1999c]. This paper
deals with natural wind drying of willow stems.
The advantage of stems is their suitability for long term storage with low DMlosses and low microbial activity. The moisture content of stems in a pile can be
reduced at very low cost by natural wind drying [Thornqvist, 1985; Jirjis, 1995a;
Mitchell, 1995; Nurmi, 1995; Gigler et al., 1999a]. Several experimental studies have
been reported on storage and drying of willow stems [Lyons et al., 1989; Nurmi,
1995; Kofman and Spinelli, 1997; Nellist, 1997a]. These studies describe overall
initial, final, and sometimes intermediate moisture contents. However, for stems the
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drying process as such has not been described indetail yet. Information concerning
the spatial distribution of moisture in willow stems in large piles is lacking.
Understanding of the mechanisms that govern the natural wind drying process of
willow stems inlarge pilesenablesoptimizationofthe process parameters inorderto
profitfromtheadvantagesofstemstorage.
The objectives of the current study are, firstly,to investigate the mechanism of
natural wind drying of willow stems stored in large piles, secondly, to provide a
simpledrying model,and thirdly,to investigatethe spatialdistribution ofthe moisture
content of willow stems stored in large piles. Large scale drying experiments were
conducted and the obtained drying data were statistically analysed. A mechanistic
drying modelwassetuptoanalyseandexplainthe experimental results.

2 Theory
It is assumed that in a large pile of willow stems uniform drying occurs because in
the pilethe rateofrefreshment ofdryingairismuchlargerthanthefluxofwaterfrom
the willow stems. A willow stem is surrounded by a bark with a very low diffusivity
limiting the drying process which causes avery low water flux [Gigler et a!., 1999b].
With respect to the airflow resistance, for stems, no hydraulic data are available.
However, for chunks (size: 50-250 mm), a very low airflow resistance was reported
compared to chips [Arola et al., 1988;Mivell, 1988;Sturos, 1991; Seres et al., 1999]
which indicates that the airflow resistance of stems is also very low. As a
consequence,dryingaircaneasily penetrate apileofwillow stems,leadingtoahigh
rate of refreshment of the air. Thus,the air conditions in the pile are probably equal
tothoseoftheambientair.
Forwillow stems,a relatively simpledrying model isestablished inthis section.In
this model,rainfall andglobal radiation are nottaken into account. It is assumed that
they have little effect on the internal drying process ofthe stems inthe pile because
the evaporation rate is much larger than the absorption rate of water into the stem.
Rain attaches only to the surface ofthe wood and this water evaporates fast during
dry periods.Absorption ofwater isvery slowduetothe low bark diffusivity compared
to the evaporation rate. Global radiation affects only a small part of the pile, viz the
top.
2.1 Statistics
The assumption of uniform pileandstemdrying isvalidated bystatistical analysesof
the resultsoflargescaledryingexperiments ofpilesofwillowstems.
Investigationof uniformpile drying:Large piles of willow stems were stored outside
during several months. At regular time intervals, stems were sampled for moisture
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contentatdifferent positions inthepiles(seesection3.3).Themoisture contentdata
were statistically analysed to investigate whether drying inthe pile wasuniform.At
different sample times, thevariation ofthe moisture content of a stem at a certain
position was compared to the variation of the moisture content of a stem at other
positions inthe pile. A Generalised Linear Mixed Model [GLMM; Engel andKeen,
1994] was applied to investigate whether the moisture content of willow stems
differed significantly between different positions in the pile, and whether these
differences weretimedependent.AGLMMcanaccountfordependency betweenthe
observed moisture contentsofstems. Ifthevariance (moisture content ofthe stems)
is not constant, a GLMM can also account for this. The so-called Restricted
Maximum Likelihood (REML) procedure [Robinson et al., 1982;Robinson, 1987] of
the Genstat statistical software package [Genstat 5 Committee, 1993]was usedto
analysethe GLMM.
Investigationofuniformstemdrying:Samples with different diameters were takenof
each stem to determine the moisture content (see section 3.3). These data were
statistically analysed to investigate whether uniform drying occurred within a single
stem.ThedatawerealsoanalysedwithaGLMM.
2.2 Dryingofawillow stem
A single willow stem can be regarded as a non-shrinking infinite long cylinder
(length/diameter»1) of homogeneous wood material, surrounded by a bark. The
bark isathin layer with a high resistance to water transport andprevents thestem
from drying out[Gigler etal.,1999b]. Radialwater transport inawillow stemcan be
described as a function of time and place with a diffusion equation for a cylinder
accordingtoCrank [1983]:
3C_?d
a*

_

or

dC

- a - ' rUetr

a

r or

or

(1)

, /

Inthebark (R,<r<R), Deffisequaltotheeffective water diffusivity ofthebark Den,bark,
and atthe inner part ofthestem (r<Ri), Denis equal totheeffective water diffusivity
of the wood Deffjnt.Equation (1) can be solved by one initial and two boundary
conditions. The initial condition describes a homogeneous initial moisture
concentration:
t =0,

0<r<R,

C0,=C0

Thefirst boundary conditiondescribes symmetryaroundthecentreofthe cylinder:
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t>0,

r =0,

— =0
(3)
dr
The second boundary condition describes the moisture transfer to the air. The
diffusive flux attheedge (r=R)isequaltothedifference inair moisture concentration
at the surface of the wood paj and in the drying air p3jb, multiplied by the mass
transfercoefficient k.
t>0,

r =R,

-Deffbsrk^

= k(PaJ-pab)

(4)

Basically, equation (4) describes the drying rate of willow stems in connection with
the concentration profile inthe stem. Inthe right hand part of equation (4),paj - p3ib
represents the driving force for drying. Drying occurs forpaj> pa,b, rewetting occurs
forpaj<p3:b. All possiblefactors contributing to internal moisturetransfer are lumped
into the effective diffusivity of water Deff. The dependency of the diffusivity on
moisture content is described with a power law relation of the dimensionless
moisture concentration m[Coumans, 1987;Gigleretal., 1999b]:
Deff=D0ma

(5)

where D0and aarefit parameterswhich can betemperature dependent. Inequation
(5), a describes the moisture concentration dependence of Do. For the bark,
Do=D0,bark anda-abark, forthe inner part ofthe stem D0=D0jnt and a=amt[Gigler etal.,
1999b].
The mass transfer coefficient k in equation (4) can be estimated bythe empirical
relationSh=f(Re,Sc) forahollowcylinder [Whitaker, 1972]:
Sh=1.86Re033 Sc033(—)-°33
(6)
2R
The water sorption isotherm describes the water activity aw at the surface of the
wood which is in equilibrium with the relative humidity of the air. The water sorption
isotherm was based on the Modified-Halsey equation for constant temperature
[ChenandVance Morey,1989]:
aw =expfftM*'2)

forM>0

(7)

At constant air temperature (Ta=20 °C), fa and B2 are -0.017 and -1.6794,
respectively. The drying model of a willow stem with bark is represented by
equations (1-7).
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3 Materialsandmethods
3.1 Willow stems
The naturalwind drying experiments withwillow stems (SalixviminalisL.) took place
in 1997(March 1-October 27)andfrom December 18,1997to November 18, 1998.
Fortheformer experiments ('1997'),three years old willow stems were harvested in
February 1997. For the latter experiments ('1998'),four years oldwillow stems were
harvested in December 1997. Stems were harvested with a whole stem harvester
(Segerslatt Empire 2000). Moisture contents were determined by drying at 105 °C
during 72 hours [ASAE, 1994]. At the start of the drying experiments, the initial
average moisture contents were 0.94 ± 0.04 and 0.95 ± 0.06 kgwater.(kg DM)"1,in
the '1997'and '1998'experiments, respectively.
3.2 Experimental design
Thewillow stemswere pileduponthe headland ofthewillowfields immediately after
harvest.Allstemswere positionedwiththebuttside (werethestemwascutfromthe
stools) intothesamedirection.Thesidewiththe buttswasdefined asthefront ofthe
pile. Pile height and stem position were measured at the front. To eliminate edge
effects,all pileswere either placed against eachother, orthe left and right sidewalls
were covered with plastic foil. A meteorological station, located a few meters from
thewillow piles,recorded relative humidity,temperature,wind speedandrainfall.
Experiments'1997':Twopileswereerected (seeTable 1forspecifications). Onepile
waserected ona metalframewhichwas supported byfour load sensors (typeHBM,
50 kN). Total pile mass was recorded every hour by a data logging unit (Datataker
DT500). The other pile was erected on the ground. This pile was denoted as
'uncovered pile'to indicate analogywiththe 'uncovered pile'ofthe'1998'data.
Table1: Specifications ofthewillowstempiles.
Year

Layout

1997
1997
1998
1998
1998

sensor
uncovered
sensor
uncovered
covered

Dimensions
Ixwxh(m3)
7.9x5.8x2.6
10x6.5x3.6
7.9x7x2.3
7 x7x 3.6
7x7x 3.6

Initial mass
(*103kg)
12
19
11
21
21

Number of stems samples ineach row at each samplingtime
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Duration
(d)
240
240
336
336
336

Number
ofrows
4
4
4
3
3

Number of
sample stems3
1-3
1-3
2-4
2-4
2-4

.Natural wind drying ofwillow stems

Experiments '1998':Three piles were erected (Table 1). One pile was erected ona
frame with load sensors. Total pile mass was recorded every hour. The other piles
were again erected on the ground. One pile was covered on top with a thick cotton
sheetto prevent penetrationofrainintothepile.Theother pileswereuncovered.
3.3 Sampling methods
Just beforethe experiments started, side branches of sample stems were removed
to enable stem extraction for moisture determination from the piles during the
experiment. All sample stems were marked. During piling, sample stems were
placed into the piles in distinguished horizontal rows at several heights (Figure 1,
specifications given inTable 1):
• onebottomrow,ataheightof0.4to0.8 m,definedasrow 1;
• oneortwo middle rows,at a heightof 1mand2 m,respectively, defined asrow
2and3;
• onetop row,ontop ofthe piles,defined as row 3 (in caseofthree rows) or4 (in
caseoffourrows).
Each row contained 25 to 40 sample stems. At regular time intervals, randomly
selected stemswere removed fromeach row ofthe pilesfor moisture determination.
Compared to the total number of stems in each pile, the number of sample stems
was small (<0.05%). Consequently, it was assumed that removal of sample stems
did not influence the drying process in the pile. Near the centre of each pile, the
temperaturewas monitored bythreethermocouples.

samplestems
:•:.*:«:«

row4:toprow
(2.3-2.6m)
row3
(2m)
row2
(1m)
row1
(0.4-0.8m)
load sensors

Figure 1: Schematic front view of the sensor pile showing the positions of rows
(height) andsample stems.
During the '1997' experiments, sampling took place biweekly. From each sample
stem, eight samples were taken. Samples of the stems were taken at equidistant
stem positions, but only where the bark was still present. During the '1998'
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experiments, the sampling method was changed compared to '1997'. Statistical
analyses showed that more sample stems per row at each sample time were
desired, and that a lower sampling frequency was appropriate, while the number of
samples per stem could be decreased. Sampling in '1998' took place monthly. Four
samples were taken from each stem. Diameter and moisture content were
determined ofallsamples. Fromallsamplesofonestem,theweighedaverage stem
moisture contentwascalculated.
3.4 Mathematical solutions ofthedrying equations
The diffusion equation (1) was solved numerically by discretisation with the finite
difference method of Crank-Nicolson. Equation (4)was solved with an Eulerforward
finite difference method. The equations were programmed in MATLAB [The
MathWorks, 1999]. Input parameters were temperature, relative humidity and
velocity ofthe drying air andthe material characteristics (diffusivity, stem radius and
initial moisture content). Output parameter was the average moisture content as a
function oftime.Thefollowing parameters were usedforequation (5):D0,/„f=3.0*10"10
m.s"2, a/np0.3, D0,ba,*=2.25*10~12 m.s"2 and abark=-0.4 [Gigler et al., 1999b]. Model
simulations wereconducted fordifferent samplediameters,whichwerecalculatedas
theaveragefromall piles and rowsofthe '1998'data (Table2).
Table2:Averagesamplediameters(10~3 m) of the 1998dryingexperiments, which
were taken at equidistantstempositions (samplea=sample with largestdiameter,
sampled=samplewithsmallestdiameter).
Pile
Sensor

Covered

Uncovered

Total average3

min
average
max
min
average
max
min
average
max

-

a
20
33
46
20
32
46
23
33
43
33

b
17
26
36
17
26
36
19
26
37
26

c
14
21
30
13
21
29
14
21
30
21

d
9
16
23
10
15
22
9
16
23
16

' usedfor model simulations

The ambient temperature and relative humidity from December 1997 to November
1998were input parameters. The air velocity was assumed to be 0.1 m.s"1, which is
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feasible for airvelocitieswithin apile.Moreover, the influence of (changes in)the air
velocity is very small, because the bark largely limits the drying process. The initial
moisture content ofthe simulations was 0.95 kgwater.(kg DM)"1which was equalto
the measuredvalue inthe '1998'experiment.

4 Resultsanddiscussion
4.1 Fielddrying experiments
During natural wind drying of willow stems in large piles, basically two different
drying processes canbedistinguished:
1. Diffusion of moisture within the stems, which is a very slow process due to the
low bark diffusivity. Relative humidity and ambient temperature are important
factors governingthis longtermprocess.
2. Evaporation and rewetting at the outside of the stems, which is a relatively fast
process. Rainfall,wind and global radiation are important factors governing this
shorttermprocess.
Thesetwo processes areelaborated inthissection.
For the 1997 and 1998 experiments, drying curves based on load sensor data
are presented in Figure 2 together with rainfall data. It should be noted that
sometimes, the amount of rainfall was too small to be recorded or visualised in
Figure 2. At the beginning of the drying experiments, during periods with a low
relativeair humidity (and norainfall),the moisture contentofthe pilesdecreased fast
duetothehighdrivingforcefordrying.
The lowest average moisture content [0.2-0.3 kg water.(kg DM)"1] was realised
around August in both years, although the 1998 drying experiments started more
than two months earlier than the 1997 experiments. The low moisture content was
due to favourable drying conditions (low relative humidity, relatively high ambient
temperature)onthewholeduringthesummer period. FromSeptemberonwards,the
average moisture content increased somewhat due to a higher ambient relative
humidity and lowertemperature,which caused a higher equilibrium moisture content
in the wood. It can be concluded that, despite differences in rainfall, the moisture
content can be reduced from about 1 (at harvest) to 0.2-0.3 kg water.(kg DM)"1 in
August by naturalwind drying.These results are in agreement with trends reported
byLyonsetal. [1989],Nurmi[1995],KofmanandSpinelli [1997]and Nellist[1997].
The drying curves of Figure 2 show that during rainy periods, the average
moisture content usually increased.Rainsettledassuperficial moisture onthe stems
which increased pile mass temporarily only, because after rainfall the peaks swiftly
disappeared.
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Moisture Content (kgwater/kg DM)

Rainfall (mm/day)
100

1

0.8

0.6

0.4

0.2

0
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Jul
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100

1

0.8

0.6

0.4

0.2

(Dec) Jan

Feb Mar
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May

Jun

Jul

Aug

Sep

Oct

Nov

Figure 2: Drying curves of piles of willow stems, based on load sensor data (upper
lines), and rainfall data (bottom histograms), for 1997 and 1998 (note: first datapoint
in 1997: March 1; first datapoint in 1998: December 18, 1997).
Rainfall mainly interrupted the drying process for a few hours or days, while the
internal moisture content was hardly affected. Apparently, the low bark diffusivity
limited the rewetting process. During the 1997 experiment, the amount of rainfall was
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approximately 400 mm(total 1997:590 mm),whichwas lessthan halftheamountof
rainfall (ca 990 mm) during the 1998 experiment (total 1998: 1,060 mm). The
average rainfall in the Netherlands is ca 800 mm per year. The higher amount of
rainfall in 1998caused a higher average relative humidity, which explains the higher
minimum moisture content during 1998,despite the longer storage period. In Figure
2,thesmalldailyfluctuations inthedryingcurveswere probably duetothe day-night
rhythm of the ambient temperature, which slightly affects the load sensors.
Temperature measurements inthe piles indicated (data not shown) that the internal
piletemperature followedtheambienttemperature. Nointernal heatingoccurredand
microbial activity inthe pileswas very low. Straight lines in Figure 2 are dueto data
logging problems (1997: midAugust-midSeptember; 1998:first halfofSeptember).
In Figure 3, for each pile the average moisture content of all sample stems
together with the average moisture content based on the load sensor data are
presented.Thedrying curves showgood similarity. The 1998 load sensor datashow
a higher average moisture content from July on. The probable reason is that rain
attached superficiallytothewood, increasingthetotal mass.The moisturecontentin
thestems hardly increased duetothelow bark diffusivity.
Figure3showsthatthedryingcurvesof 1998ofthecovered anduncovered piles
arevery closeto each other. Despitethe large amount of rain in 1998, no difference
in drying curves was found between the covered and uncovered pile. This
observation strongly indicates that rainfall does not directly affect the moisture
content of stems in a pile. A statistical analysis of the moisture content, comparing
the piles of one experimental year, could not be performed because the number of
piles was too small. Calculations will demonstrate that the influence of rain on the
stems inthe pile isvery small. Duringthe experiment, thetotal amount of rainfalling
on and into a pile was approximately 990 kgwater per m2or 990 mm.m"2. Fromthe
experimental data, the total amount of water to be evaporated from the pile was
calculated to be about 138 kg per m2 of pile surface or 138 mm.m"2. Indicative
measurements showed that the amount of stems in the pile approximates 300 per
m3. Assuming an average radius of 2 *10"2 m,the specific surface is approximately
38 m2.m"3or87m2.(mground area)"2.After aheavyshowerof20 mm,awaterfilmof
only about 0.3 mm is left on the stems assuming that rain water is spread evenly
over all stems inthe pile. This water film will be evaporated quickly as soon as the
rainstops.Consequently, coveringapileseems not necessary.
4.2 Statistical analyses
From the data set, several outliers were removed (total number < 1%), because the
moisture contents of these outliers were physically not possible (too high moisture
contents compared totheaverage,or negative moisturecontents).
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MoistureContent(kgwater/kgDM)
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Figure 3: Drying curves of all piles of willowstems, based on sample stems(lines
with markers) and load sensor data (dashedlines), for 1997and 1998 (s=sensor
pile,nc=non-coveredpile, c=coveredpile;note:firstdatapointin 1997: March 1; first
datapointin 1998: December18, 1997).
4.2.1 Investigationofuniformpiledrying. Generally, inallpilesof 1997(Table3)and
1998(Table4),naturalwinddryingwas moreor less uniform,except forthetoprow.
Dryingofthetop row (sometimes) differed significantly from dryingoftheother rows.
Thedifference was probably duetodirect exposure ofthetopofthe pileto rain,wind
76

.Natural wind drying ofwillow stems

and radiation. Because the top row forms only a small part of the pile,the effect on
the average pile moisture content was very small. The assumption that a pile dried
uniformlywasthusconfirmed.
Table 3:Effectofrowontheaveragemoisturecontentofastem(1997experiment).
Rows3
Sensor pile
Uncovered pile

4-1

4-2

4-3

3-1

***b,c

***

***
**

-

*

3-2

2-1

~
.

Rows4-1 denotes acomparison of row4to row1
Significant effects are indicated asfollows: *p<0.05,** p<0.01, *** p<0.001
c
Explanation: in the sensor pile, the moisture content of row 4 (top row) was significantly (p<0.001)
different from the moisture content of row 1(bottom)
b

Statistical analysis of the 1997 data revealed that differences with respect to stem
drying inthe pileswere nottimedependent. Comparingthetop rowtotheother rows
in the pile, only between row 4 and row 2 of the uncovered pile no significant
differencewith respecttostemdryingwasfound (Table3).
Statistical analysis of the 1998 data (Table 4) showed that differences with
respect to stem drying in a pile significantly depended on time. These differences
were mainly found between the top row (row 4 ofthe sensor pile, row 3 ofthe other
piles)andthe other rows. Significant differences inabsolutetermswere inthe range
of 0.05 to 0.1 kg water.(kg DM)"1. Between the other rows in the piles, drying was
uniform.
In Table 4, three drying stages are indicated (drying, equilibrium and rewetting)
based on Figure 2. Significant differences mainly occurred in the drying (20%of all
measurements) and rewetting (40% of all measurements) stages. The top row
rewettedfaster inthe rewetting stage, probably because rainsettled mainly ontopof
the piles, causing the fastest moisture increase. Differences did not occur during all
sampling times within a stage,which was probably due to intermittent periods with
and without rain. Only the covered pile showed some significant differences during
theequilibrium stage.Agoodexplanationforthiscan notbegiven.
4.2.2 Investigation ofuniform stemdrying. Withinasingle stem,itwasexpectedthat
the partwith a small diameter dries faster than the part with a large diameter. When
the stem radius doubles, the circumference also doubles, but the volume increases
fourtimes.Consequently, assumingthatthe resistance ofthe barktowater transport
is identical at all stem diameters, when thewillow bark limits the drying process,the
dryingtimedoubles.
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Table4:Effectofrowandsamplingtimeontheaveragemoisturecontentofastem
(1998experiment).
Time
Rows"
72 drying0
86
103
"
124
"
146
"
168
189

"

Sensorpile3
4-1 4-2 4-3 3-1 3-2 2-1
**de **
-

-

*

-

.

-

-

-

-

-

Coveredpile3
Uncoveredpile3
3-1 3-2 2-1
3-1 3-2 2-1
** ** ** ** **
*
.
. . .
. . .
*
. . .

equilibrium

210
"
237
"
272 "rewettirig"

-

*** ***

*

-

-

*
-

QfJ7

"

*

OOO

"

***

-_-"""""""":
_
***

_
**

_

1
_

I"
_

"«

i*
***

*
J

**

.

.

.

.

.

.

. . .
"*«——_—

***
**

***

***

3

Sensor pile had four rows; covered and uncovered pile had three rows; 1 is bottom row, 3 or 4 are
top rows
b
Rows4-1 denotes a comparison ofrow4to row 1
c
The drying process isdivided intothree stages,denoted as drying,equilibrium and rewetting
6
Significant effect are indicated asfollows:*p<0.05, " p<0.01, *** p<0.001
e
Explanation: in the sensor pile, on day 124 the moisture content of row 4 (top) was significantly
(p<0.01) different fromthe moisture content inrow 1(bottom)

The 1998datawere statistically analysed.The samplewiththe largest diameterwas
definedas'a',thesamplewiththesmallestdiameterwasdefined as 'd'. The average
diameters of the stems of the 1998 experiment are presented in Table 2. The 1997
data were not analysed due to an insufficient number of repetitions for such an
analysis.
The analysis showed that, generally, drying within a stem was more or less
uniform. Significant differences between samples of a single stem were time
dependent (Table 5). Of all samples, 7% of the sensor pile, 9% of the covered pile
and 18%of the uncovered pile dried significantly different from other samples ofthe
samestem.Significant differences were mainlyfound between the largest (oroneto
largest) and smallest (or one to smallest) samples (a-d, a-c, b-d), mainly in the
bottom (row 1)andtop row (row4forthe sensor pile,row 3forother piles). InTable
5, the three drying stages described before are indicated (drying, equilibrium and
rewetting).
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Chapter 5

Significant differences predominantly occurred in the drying and rewetting stages,
because then the effect of the stem diameter on the drying rate is most profound.
However, only few differences where found with respect to drying. This strongly
indicates that, within the stem, water is probably redistributed by capillary flow of
water from the large to the small part of the stem.
4.3 Drying model simulations
For the average sample radii of the 1998 experiment (see Table 2), model
simulations [equations (1-7)] were conducted and compared to the experimental
drying curve of 1998 (Figure 4).
Moisture Content (kgwater/kg DM)
1
R(mm)
0.8

-*-8 -O-10.5 - « - 1 3 — 1 6 . 5

V\J^^7^

V]v\»
0.6

0.4
1

V^*£2§£§fiS^
,

0.2
50

100

150

200

250

300

Time (days)
Figure 4: Drying curves (lines with markers) of the average stem radii of the stems in
the 1998 experiment, based on model simulations with the actual ambient
temperature and relative humidity of that year. The bold line represents the
experimental drying curve of the whole pile based on load sensor data (Figure 2).
The dashed window indicates the sampling period.
Drying was simulated with the actual ambient temperature and relative humidity data
of the 1998 experiment. Due to the difference in air temperature during the drying
experiment (-5 to 30 °C), the effective diffusivity (using an Arrhenius type equation)
of the bark and the wood was corrected for the ambient temperature, because
initially, the diffusivity was determined at 20 °C.
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Figure 4 shows that, at the beginning of the drying process, at high moisture
contents [range 0.4 to 1 kg water.(kg DM)"1] and favourable ambient conditions, a
samplewith a small radius (R=8 mm)dried faster than a sample with a large radius
(R=16.5 mm). Between a moisture content of 1to 0.6 kgwater.(kg DM)"1,when the
diameter doubled (R=8 mm versus R=16.5 mm), the time to reach the same
moisture content approximately doubled. Based on this observation, between
samples, more differences would be expected during the drying stage (Table 5).
However, the small number of differences indicates that water is redistributed within
thestem.Whentheequilibriumstage isreached (around 190days),alldrying curves
merge which confirms that inthis stage hardly any differences were found between
thesamples.

5 Conclusions
The following conclusions are drawn with respect to natural wind drying of willow
stemsinlargepiles:
• After harvest, during storage until August, the average pile moisture content can
be reduced from about 1to between 0.2 and 0.3 kg water.(kg DM)"1, which is
closeorequaltotheequilibrium moisturecontent,evenduring awetyear.
• Moisture diffusion within awillow stem is a long term process which is governed
bythe relative air humidity and ambient temperature. Evaporation of moisture at
theoutside ofawillow stem isashortterm process which isgoverned byrainfall,
wind andglobalradiation.
• A pile of willow stems dries more or less uniformly, except for the top of the pile
which is more prone to ambient weather conditions than the rest of the pile.
However, thetopforms only a small part ofthe pile,and thus, has little influence
ontheaverage pile moisturecontent.
• Covering apilehadnolongtermeffectonthe moisturecontent.
• Within a single willow stem,the moisture content is more or less uniform which
indicatesthatwater isinternally redistributed.
The good results of natural drying of willow stems indicate that storage of willow
stems inlarge pilesisanefficient lowcostdryingmethod.
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Notation
a
Sberk
a,„<
a„
C
C0
C0,r
Ce
C(R
Da
Deff
Deff.&a*
Dett.mt
D0
Do.bark
D0,i„t
DM
k
L
M
t
Ta
r
R
Ri
v
/?,,/%
fig
pa
paJ
pab

power lawfit parameter fordiffusivity, power law fitparameter for diffusivity, power law fitparameter fordiffusivity, water activity,water concentration, kg.m'3
initial water concentration, kg.m" 3
initial water concentration ata radial coordinate, kg.m" 3
equilibrium water concentration, kg.m" 3
water concentration atthe surface ofthe willow stem, kg.m" ;
diffusivity ofwater inair,m2.s"1
effective diffusivity ofwater ina medium, m2.s"1
effective diffusivity ofwater inthebark, m2.s"1
effective diffusivity ofwater inthe wood, m2.s"1
initial diffusivity ofwater ina medium, m2.s"1
initial diffusivity ofwater inthebark, m2.s"1
initial diffusivity ofwater inthe wood, m2.s"1
drymatter, kg
mass transfer coefficient,m.s' 1
length, m
water content ofwood, kgwater.(kg DM)" 1
time, s
airtemperature, °C
radial coordinate inawillow stem, m
stem radius, m
radius atthe transition between bark and wood, m
airvelocity,m.s"1
fitparameters ofHalsey equation, airdynamic viscosity, k g . m ' V 1
airdensity, kg.m" 3
airwater concentration atthe wood surface, kg.m" 3
airwater concentration inthebulk, kg.m" 3

c-ce
m =

„

dimensionless moisture concentration,

cvpJ2R)
0-ce

Re = — =

Reynolds number, -

Sc = — - —

Schmidt number, -

PsDa
OK

iytl =
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Sherwood number, -
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Abstract
AmethodologyforoptimizationofagrichainsbyDynamicProgramming(DP)ispresented which
explicitly dealswiththe appearance andquality of products. Inagri chains,a product canbe
characterisedbytwotypesofstates,namelyappearanceandqualitystates.Appearancestates
are influenced byhandlingactions.Quality states are influenced by processing,transportation
and storage actions. The concept of chain optimization by Dynamic Programming (DP) is
elaborated.Chainoptimizationreferstotheconstructionofoptimalroutesdefiningwhichactors
inthechainshouldperformwhichactionsatwhichprocessconditionsatminimumintegral costs.
Modelsdescribingqualitydevelopmentofaproductasafunctionoftheprocessconditionscan
be included into the DP methodology. The DP methodology has been implemented into a
softwaretoolandisillustratedwithacaseforanagrichainofwillow biomassfueltoan energy
plant.

1 Introduction
Thedesignofsupply chainsofagricultural commodities likedairy products,fruitsand
flowers can becomplicated because ineach link ofthe supply chain,the quality ofa
product is influenced intentionally and unintentionally. This quality development,
whichcan beregardedasanundesired (deterioration) aswell asadesired (ripening)
process, should be taken into account when designing supply chains. For sake of
distinction, inthis paperwedefine twotypes of supply chains: 'agri chains' and'nonagri chains'. Agri chains are defined as supply chains of products of agricultural
origin, although products which originate from other than agricultural sources (such
as chemical products) could also fit into the methodology we will present for agri
chains. Non-agri chains are defined as supply chains of other than agricultural
commodities. In non-agri chains, product quantities are moved from one place to
another while undergoing different changes intentionally (handling). Generally,
during transportation and storage of non-agri products, the product characteristics
remain unchanged. For agricultural commodities, however, transportation and
storage can considerably affect product quality. For instance, a high ambient
temperature during transportation of milk accelerates the development of microorganisms and,thus,influences milkquality.
To preserve the quality of a product in the agri chain, expensive measures are
taken such as cooling,controlling air conditions or prevention of incidence of light. If
the effect of these measures on product quality is known, and the associated costs
are given, they can be included into a model of the agri chain and used for chain
optimization.The objective of our study isto present a methodology for optimization
ofagrichains by Dynamic Programming (DP)which explicitly dealswith both product
quality development and product appearance. Our aim is not to present a new DP
technique, but to elaborate the application of DP to optimize agri chains. Chain
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optimization is defined as the design of agri chains which should reach target
product specifications at minimum costs. All activities in the agri chain are tuned
integrally, incontrasttooptimizing eachactor individually. DP[e.g.Winston, 1997]is
an appropriate tool for optimizing supply chains. DP offers the possibility to include
parameters describing the state of a product and it can cope with non-linearities
regardingthefactorswhich influencethestatesofaproduct.
Various studies exist on optimization and simulation of agri chains. Ina model of
Saedt et al. [1999], quality development for vegetables and fruit is taken into
account. Their approach considers flows through a network, in which the optimal
solution of an MILP (Mixed Integer Linear Programming) model defines the order of
the links;the actors in the network are determined simultaneously with the order of
handling by the optimal chain design. Jenkins and Arthur [1983] present a method
for assessing biomass utilisation options using network analysis and DP focussing
on handling operations only. Murata [1987]used DPto determine optimum routesof
raw biomass materialtoa processingfactory takingtransport distances and biomass
enthalpy into account. ZwieteringandVan 't Riet [1994] describe the optimization of
a cooling chain focussing on the kinetics of food spoilage reactions. De Mol et al.
[1997] developed an MILP model to optimize both the network structure and the
product types of biomass fuel to an energy plant, in order to gain insight into the
logistics of biomass fuel collection. However, time dependent effects like storage of
biomass appeared to be difficult to include into their model. Maia et al. [1997]
propose an MILP model to optimize capital investment infood preservation facilities
forfruitsandvegetables. Pootand Hendrix [1996]present afull integer programming
model inwhichappearance statesattheendofthe link are included,andthe chosen
chain design originates from allocation of handling to actors in the supply chain.
Despite the agricultural character of the product (potted plants), no quality
development was taken into account. For wood as an energy source, Sells and
Audsley [1991] developed a whole farm linear programming model, but their focus
wasoncalculatingthe profitofthefarmasawhole,insteadofthesupplychain.
Inthis paper, the theory section (2) presents away of considering agri and nonagri chains including quality parameters. In the methodology section (3), the
translation ofthe design of agri chains into DPterminology isexplained, based ona
one dimensional example. The concept of implementing the DP approach into the
software programme MATLAB [The Mathworks, 1999] is given in section 4. Next
(section 5),the concept of the DP methodology is illustrated with an example of the
supply ofwillow biomass fuelto an energy plant. Section 6 shows howthe influence
oftime on quality development can be included into our methodology. Insection (7),
conclusions aredrawn.
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2 Theory on supply chains
The supply chain of a product consists of several links. We define these links as
actors.Examplesofactors areafactory,farmer, auction,transporter,wholesaler and
retailer (Figure 1).
farmer

wholesaler

auction

retailer

\ 7\ 7~\ /
transporter

transporter

transporter

Figure1: Exampleofactorsinanagrichain.
In non-agri chains, each actor performs actions which intentionally alter or modify
product characteristics in such a way that the product reaches the end user
accordingtotarget specifications. The product characteristics can be represented by
one or more product states. During transportation and storage, basically nothing
happens to the product states. For a computer, for instance, necessary actions ina
supply chain can include computer assembly, software installation, packing inabox,
adding cables to the box, labelling, and transportation to and storage at the
wholesaler. In our view, the actions which take place in non-agri chains can be
grouped intotwotypes:
1. 'handling': actions which alter or modify the state of a product. Examples are
packing, wrapping and labelling [e.g. Bowersox et al., 1986; Poot and Hendrix,
1996];
2. 'transportation' and'storage.':actionswhichdonotalterthestateofaproduct.
Basically, all handling actions alter the appearance of a product. Consequently, the
state of a product can be characterized by so-called 'appearance' states, which
describe if a product is (un)packed, (un)labelled, (un)wrapped. Transportation
(including (un)loading) andstoragedo notaimatchangingtheseappearancestates.
For agricultural commodities, however, an important feature is product quality,
which is continuously liable to changes. Examples of quality parameters are the
number of micro-organisms per unit volume of milk, or the ripeness of a banana. In
agri chains,this continuous process is referred to as quality development which can
be slowed down or accelerated. Changes are, in general, irreversible. Quality
development of agricultural commodities is largely based on biological, physical and
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chemical processes [Zwietering, 1993]. The following factors influence quality
development [Zwietering andVan 'tRiet, 1994]:
• process conditions, which are ambient conditions influencing product
characteristics, such as temperature, relative humidity, light intensity,
concentration ofgasses andphysicalforceonthe product;
• throughput time in a link during which the product is exposed to the process
conditions;
• appearancestateoftheproduct,suchaspackingandparticlesize.
For example, a high ambient temperature (process condition) stimulates the growth
of micro-organisms in milk (quality development), and the duration of exposure
(throughput time) determines the final micro-organism concentration. However, for
milk stored in an insulated container (appearance), the effect on quality is less
compared to bottled milk (appearance) [Zwietering and Van 't Riet, 1994].
Consequently, in agri chains, in contrast to non-agri chains, we propose to
characterize agriculturalcommoditieswiththefollowingtwotypesofstates:
• 'appearance' states, describing if a product is (un)packed, (un)wrapped,
(un)labelled orcutintopieces;
• 'quality' states,describing the quality which can beexpressed as micro-organism
infestation,ripeness,moisturecontent,colour,taste.
Asaresult,wedistinguishthefollowingthreetypes ofactions inagrichains:
1. 'handling': actions which intentionally alter or modify the appearance states of a
product. Examples arewrapping,cuttingandlabelling [Pootand Hendrix,1996];
2. 'processing': actions which intentionally alter or modify the quality states of a
product. Examples arecoolinganddrying [ZwieteringandVan 't Riet, 1994];
3. 'transportation' and 'storage': actions which intentionally and unintentionally alter
thequality statesofaproduct.
Insome cases,it is not obviouswhether an action should be defined as handling or
processing, for example extrusion of food. If an action changes the quality of a
product, we suppose this action should be defined as processing. Moreover, the
definition of an action, whether it is handling or processing, does not influence our
approachofchainoptimization.
The controlof process conditions during handling,processing,transportation and
storage can becostly. For instance,alowtemperature duringtransportation requires
expensive conditioned transportation. The effects of handling on the appearance
states of agricultural products are described as a change from one discrete
appearance state into another. Theeffect of processing onthe quality of agricultural
products requires the description of a continuous process. Quality states can be
described as measurable parameters which can take any value within a certain
range. Given models which describe the physical,chemical and biological changes,
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dueto specific process conditions andthe associated costs,itis possibleto optimize
step wise decision problems of agri chains. Thus, we define the objective of
designing agri chains as the alteration or modification of the initial appearance and
quality states of agricultural commodities, in such a way and at such process
conditions, that the target states are reached at minimum total chain costs. The
definition of the target states is product dependent. For some products, a penalty
costfunction can beused ifthetarget states are not reached (forexample: ripeness)
while for other products, this could mean that the product becomes worthless (for
example,micro-organism infestation ofmilk). Inourapproach,theagrichain consists
of several pre-defined actors (Figure 1), whose positions in the chain are fixed. All
actors may perform certain actions on the product. Chain optimization refers to the
construction of routes defining which actors should perform which actions (handling,
processing, transportation and storage) at which process conditions, in order to
achieve minimumtotalchaincosts.
3 Methodology in DP terminology
Inthissection,the DPterminology foragrichains isexplained.Anagrichain consists
of a series of actors (Figure 1). Each actor can perform one or more of the actions
handling, processing, transportation and storage, in order to alter the appearance
and quality states of a product. Chain design is the allocation of actions to actors.
We introducethefollowing DPdefinitions [Winston,1993]:
qs:
quality state of a product, 'qs' is determined by process conditions,
appearancestateandthroughputtime inalink;
as:
appearance stateofaproduct,'as'isdetermined byhandling;
qx:
decision with respect to processing, transportation and storage which
affects quality state'qs';
ax:
decisionwith respectto handlingwhichaffects appearance state'as';
sk=(qs,as): state of the product at each stage k {k=0...n),s0is the initial state and
snisthefinalortargetstate;
-»intheagrichain,skisthe product stateattheendoflinkk;
xk=(qx,ax): possible decisions with respect to processing, transportation and
storageand handling instagek;
-»intheagrichain,xkisagroupof possible actions inlinkk;
Ck(Sk-i,Xk): costsofdecisionxkatstagekforstatesk.u
-»intheagrichain,ckarethecostsofactionxkbasedonstatesk-u
sk=Tk(sk.i,xk):fordecisionxk, transformation functionTkdescribesthechangeof
statesk.iintosk;
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-» in the agri chain,Tk describes the effect of action Xk on the product
stateSfr.j,leadingtoa new product state Sk. This process ofa decision
leadingtoanewstate isrepeated untilthetarget state isreached.
The schematic overview in Figure 2 illustrates the development of appearance and
quality states in agri chains. It also demonstrates the difference between agri and
non-agrichains inourview.
appearance state development
handling
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initial
states ,
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qs0
i
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link1
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target
states

aSn-1

linkn

— > l i n k n-1

qs2

qSn-1
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qsn
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i.
1

processing+transport +storage
— — qualitystate development
Figure2: Schematicviewofnon-agrichains(bold)and agri chains (italic).Fornonagrichains, transportation andstoragedonotinfluence theappearancestates.
In the conceptual idea of the DP approach, stages coincide with links (which are
actors). Practically, the DP approach can be implemented by enumerating the
possible actions (andorder ofthe actions)foreachactorfirst, andthen,todefinethe
stagesaspossibleactions. Inthe DPapproach,possible chaindesignsorroutesare
defined by possible trajectories the product can follow from the initial state
So=(aso,qso) to the target state sn=(asn,qsn). The chain is calculated backwards (socalled backward recursion), starting at the target state. The 'Bellman equation'
calculates the optimal order of handling, processing,transportation and storage and
theoptimum processconditionsatalllinksforthewhole agrichain [Winston,1993]:
Vk-i(sk-i)=min{ck(Sk-i,Xk) + Vk(Tk(Sk-i,xk))}

(1)

Function Vk(Sk) gives, as usual in DP,the costs of the optimal routefrom stateskat
stage k to the end of the chain. In equation (1), for all possible decisions, the
resulting state Sk and corresponding value Vk(Sk) is determined and added to the
costs ck(Sk-i,Xk) of decision xk; finally, the minimum costs are calculated for all
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possible decisions. Recursively, the function Vk (k=n,n-1,...,0)is calculated until the
initial state s0 is reached. The underlying costs for the transfer from one state to
another are summed.States which are not possible are assigned infinite costsand,
consequently, they are never selected inthe optimum route.Whenthe initial state is
reached, the minimum costs of the supply chain are known, and the consecutive
routeorchaindesign.Thetransformation function 7*consists of,forexample,oneor
more differential equation(s) describing the change of the quality state of a product,
using the process conditions as input parameters. The new state can be exactly
calculated, but insome cases,it can be more convenient to approximate the quality
changewithasimplefunction,inorderto reducethetotalcomputationtime.
The DP methodology is illustrated with the following one dimensional example,
whichfocuses onthe quality statedevelopment of a banana.The example does not
illustrate the advantage of DP over the full enumeration of all possible routes. The
appearance state development (describing whether the banana's are clustered or
loose, labelled, packed) will not be discussed in detail in this section, but it is
included in a case study for another product in section 5. For a banana, the quality
state is represented byits ripeness,forwhich colour isagood indicator. For reasons
of simplicity, we assume that the quality state of a banana is determined by the
process conditions light intensity and temperature. If the temperature and/or light
intensity istoo high,the banana will change quickly from its initial green colour (not
ripe)to yellow (ripe) and finally to black (too ripe).A higher temperature and/or light
intensity will accelerate quality development. Reducing light intensity is usually nota
problem,but reducingtemperature (cooling)inagrichainscanbeexpensive.
A simplified supply chain of a banana (Figure 3) consists of the following actors
(accompanying actions between brackets): farmer (harvest), ship (transportation),
wholesaler (storage), truck (transportation) and retailer (storage). Given models
which describe how light intensity and temperature affect banana ripeness, the
supply chain can be optimized in such a way that the banana reaches the retailer
with itstargetripenessat minimum costs.We assume that the quality state Sk ofthe
banana is represented with an indicator with values within the range [0,40]. The
initial state which is a green banana on a tree is s0=0, the target state is a ripe
banana at the retailer according to the customers' wish, which is assumed to be
s„=35. Thefinal state should not betoo much below sn=35because then, itwilltake
toolong beforecustomerswillpurchasethe bananawhich causes additional storage
costs for the retailer. In that case, it would have been cheaper to transport the
bananaata highertemperature and/or light intensity.
The banana supply chain has an infinite number of possible chain designs or
routes. Figure 3 shows only three possible routes (A, B and C) for the banana, to
illustrate howthequalitystateofthe banana changes fromfarmerto retailer, andthe
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associated costs. At stage 0, the effect of harvest on the quality state s0=0 is
identical for all routes. In the next stage (transportation by ship), we show three
different options. Transportation costs increase from routeA to Cdue to decreasing
transportation temperatures from A to C. Consequently, route C has the slowest
quality development because a lower temperature slows down the ripening process.
Compared to route A and B, at stage 2 (the wholesaler), route C is the cheapest
because the quality state allows storage at a higher temperature.At stage 3, during
transportation by truck, different process conditions are required at each route in
order nottoexceedthetargetquality staterequested bythe retailer.
state:

40
30
20

!

10
6
stage:
actor:
action:

0
farmer
harvest

•

1 ,
*..... ^
*

^

_.. f
•••' C !

J&* 13
1
ship
transport

2
wholesaler
storage

3
truck
transport

4
retailer
storage

Figure 3: Graphical example of three possible routes (A, B, C) of a bananaagri
chain. The figuresrepresentthecostsateachstage. The horizontallineisthe target
statewhich shouldnotbe exceeded.
The backward recursion calculating the optimum route of the actions in the supply
chain isillustratedforthe banana example inFigure4.Routes andcostsaregivenin
Figure 3. Figure4showsthat, inthisexample,routeA hasminimumsupplycosts.
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1. costsfrom thefinalstage4tostage3(transportationbytruck):
routeA: V3(33)=3;
routeB: V3(28)=2;
routeC:V3(19)=1;
2. costsfromstage3tostage 2(storageatwholesaler):
routeA: V2(29)=4+V3(33)=7;
routeB: V2(20)=3+V3(28)=5;
routeC:V2(9)=2+V3(19)=3;
3. costsfromstage 2tostage 1 (transportationbyship):
routeA: V1(3)=7+V2(29)=14;
routeB: V,(3)=10+V2(20)=15;
routeC: V1(3)=13+V2(9)=16;
V1(3)=min{14;15;16}=14.
4. costsfromstage 1 tostage 0(harvest):
V0(0)=6+V1(3)=20.
RouteAisthecheapestwithtotalcostsof20
Figure4:Costcalculation methodforthebanana example.

4 Implementation oftheDPmethodology
In the previous section, the selection of optimum routes, taking quality parameters
into account, was presented for a very simple example, which can easily be solved
by hand.More complicated problems requirethe use of computers tofind a solution
in an efficient way. However, for DP no standard software is available. Some DP
problems can be solved with spread-sheet programmes, but incorporation of
differential equations into these programmes can be difficult. Therefore, a
computational method was developed to solve agri chain optimization problems by
DP.This method was implemented in MATLAB,which is a software tool suitable for
vector and matrix manipulation [The MathWorks, 1999]. Programming with MATLAB
does not require extended programming skills, knowledge of programming basics is
sufficient to understand the MATLAB implementation presented here. An important
advantage of MATLAB is that external functions can be included into the
programme. This is useful for including, for example, non-linear physical models
which describe quality development of agricultural commodities at different process
conditions. In Figure 5, a general presentation of the DP definitions of the previous
section,andthetranslation into MATLAB terminology isgiven.Figure6 presents the
generic MATLAB codeforcalculatingtheoptimumroute.
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DYNAMIC PROGRAMMING:
=possible state values
= possible decisions
Xk
= cost function
Ck
Tk =transformation function
vk =functioncontaining intermediate optimal values
Bellmanequation: Vk-i(Sk-i) =min{Ck(sk-i,Xk) + V^T^s^x*))}
Sk

MATLAB:
i
= counterforpossible statevalues
X
=vectorofpossible decisions
= counterfor possible decisions
X
= counterfor stages
k
= costvector correspondingtopossible decisions
C
= localvectorcontaining intermediatefunctionvalues
W
=function containing intermediate optimalvalues
V
Bellman equation:V=min{C+W}
Figure5:Translation ofDP definitions into MATLAB.
In Figure 6, line 1 isa 'for-loop' withthe length equalto the number of stages. Here,
stages are taken equal to possible actions in the agri chain. The 'for-loop' starts at
thelaststage (stagef)andendsatthefirststage(stage 1).
MATLAB:
1.fork =f:-1:1;
2. fori = 1:n;
3. f o r x =1:m;
4. C(x)=cost(i.x);
5. snew=trans(i.x);
6. W(x) =V(snew);
7. V(i),p]=min(C+W);
8. end;
9.end;
10.end;

forall possible stagesk
forall possible state values/
for all possible decisionsx
costvector Cfor eachstate;'anddecisionx
newstate snewforeachstate/anddecisionx(local)
value Wfor each newstate snew(local)
newfunction Vanditsstate;'

Figure6:Generic MATLABcodeforcalculatingtheoptimumchaindesign.
The backward recursion is indicated by the negative increment. For the banana
example, the number of stages is 5. The counter value of the initial stage (i) is 1
because 0 does not exist as a counter. Line 2 is a 'for-loop' for all possible state
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values.Forthebananaexample,the possiblevaluesofthequality state ripenessare
assumed to runfrom 0to 35 with adiscretization step of 1(36 possible values). For
ease of use, we take integer values for s. In line 3, a 'for-loop' is given for all four
possible actors: ship, wholesaler, truck and retailer. In this case, harvest at the
farmer is not incorporated, because the new appearance state after harvest is
identical for all routes. Line4 calculates the costsfor each decision xfor counter iof
all possible state values. Line 5 represents the transformation function, which gives
the new (local) value of the state as a result of decision x. The new (local) value W
for all possible decisions is calculated in line 6. In line 7, the value for V is
determined by selecting the optimum decision (in this case, minimum costs).
Variable pisalocalcounterwhich isappointedtotheoptimumdecision,pisusedby
the programme to select the associated state. The procedure is repeated for all
values i=1,..,n of the quality state and for each stage k=1,..,f downwards. Lines 8to
10are'end'-statementsforthe 'for-loop'ofline 1 to3.
To complete the methodology in MATLAB, the following vectors, matrices and
functionsaredefined:
• cost matrixV:
V represents the optimal costs of the states at each stage. During the
optimization procedure V is filled gradually. For the banana example, V is a 5
(numberofstages) by35(numberof possible statevalues) matrix.Thefinal state
valueV(5,35) isequalto0to indicatethatthetargetstate isreachedatthis point;
• decisionvectorX:
Xconsistsof melementseach representing adecision (anaction);
• costfunctionC:
C isafunctionwhich calculates the costsofa specific transformation. Depending
onthedecision,costs aresimply looked upinatable (for handling actions) orare
calculated with an external function (for processing, transportation and storage
actions);
• transformationfunction 'trans':
'trans' calculates the state change as a result of a decision. In MATLAB, 'trans'
can beanyfunction containing,forexample,a(setof)differential equation(s).
In some cases,transformation function 'trans' and cost function Ccan be combined
into one function with the process conditions and the current state as input
parameters, and the new state and the associated costs as output parameters. All
restrictions with respect to the decisions in the agri chain can also be put into the
transformation function. If a decision can not be taken, 'trans' returns infinite costs,
which meansthat this decision is never selected intheoptimum. Itshould be kept in
mind that the total computing time increases with the complexity of the
transformationfunction.
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5 Case:supplychainofwillowbiomassfueltoanenergyplant
Inthis section,acase is presented which discusses the supply of biomass fuelfrom
energy crops to electricity plants [Gigler et al, 1999a]. Several studies were
published on biomass supply chain optimization. Huisman and Gigler [1997] argued
that interactions inthe biomassfuel supply chain require an integral approach ofthe
chain, inorder to optimize total costs and energy consumption. Jenkins et al.[1984]
made a technical and economic comparison of systems for collecting, processing,
storing, and transporting biomass for use in energy systems. De Mol et al. [1997]
developed simulation and optimization models for the logistics of biomass fuel
collection. Nilsson [1999a,b] described a dynamic simulation model for analysis of
various delivery alternatives, in order to improve and optimize performance, and to
reduce the costs and energy needed for straw handling. These models focussed
mainly on handling operations. De Mol et al. [1997] also incorporated simple
relations forfuel quality (DM-losses, moisture content), but intheir model, itwas not
possibleto incorporate differential equationsdescribingquality development.
Thecase presented here brieflydiscusses handling aswellas processing actions
in the supply chain of willow biomass fuel. The case is an illustration of the
methodology and terminology for biomass fuel supply chains introduced in Gigler et
al. [1997]. It does not show the efficiency of DP as such, because only a limited
numberofactors and possibleactions inthe chain arechosen. Its intention istogive
the reader an overview of the total case and the ability to understand the optimal
trajectory at one glance. The case study considers two states, resulting in a two
dimensional DP approach. One dimension describes the appearance state
development (particle size), the second dimension describes the quality state
development (moisturecontent).
Willow coppice isabiomassfuelwhich can begrown byfarmers. Inwinter, willow
isharvested andaftergoingthrough asupply chain,thefuel isfinally delivered atan
energy plant, where the fuel specifications (=target states) should be met. The agri
chain of willow starts at harvest and ends at the energy plant. We assume that the
agri chain consists of three actors which positions in the chain are fixed: 'farmer',
'transporter' and 'energy plant'.Thefollowing actions canbeperformed ateach actor
(typeofaction between brackets):
• farmer:
> harvest(handling),forwhich three different techniques exist, leading to three
different particle sizes: chips (0-50 mm), chunks (50-250 mm) or stems
(uncomminutedmaterial);
> naturalwinddrying(processing) ofchunksorstems,whichtakes placeduring
outdoorstorage;
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> forced convective drying (processing) of chips or chunks with ambient air,
whichisforcedthroughthematerialwitha fan;
> size reduction (handling) of stems and chunks to chips with a small scale
chipper;
• transporter: transportationfromthefarmtotheenergy plant;
• energy plant:
> size reduction (handling) of stems and chunks to chips with a large scale
chipper;
> thermal drying (processing) of chips at high temperatures in large scale
installations.
In this section, we refer to natural wind drying as natural drying, and forced
convectivedryingasforceddrying.
Before harvest takes place, willow coppice has the appearance of a tree at the
field with a moisture content (abbreviated as MC) of approximately 50% (wet base,
kgwater/kg total).Atthe energy plant, a particle size (abbreviated as PS)of chips is
required with MC<20%. The willow agri chain should be optimized in such a way
that, beforeenergy conversion attheenergy planttakes place,thewillow fuel meets
the fuel specifications at minimum costs. In other words, MC and PS of the willow
should be altered in the agri chain from its initial value (MC=50%, PS=tree) at the
farm to its required final value (MC=20%,PS=chips) at the energy plant at minimum
costs. MCisthequality state,which isaffected by 'processing' and 'storage'actions,
PS is the appearance state,which is affected by 'handling' actions. Inthis case,for
willow,thetransportdistance isnot relevanttoquality development becausethetime
neededfortransportation (orderof hours) isvery short comparedtothetime scaleof
quality development (order of weeks). However, for flowers and milk for example,
transportationdoes playacrucial role inquality development. Thestateofwillowcan
bedescribed asS/<=(MC,PS).MCisdivided into31discrete values rangingfrom20%
to 50%,PS is defined astree,stem,chunk or chip. Consequently, the initial state is
So=(50%,tree), the final state is s„=(20%,chips). All possible actions which can take
place inthechainaredefinedasdecisionX=[harvest; storage;forceddrying;thermal
drying; size reduction;transportation]. Note that natural drying of stems and chunks
is not incorporated as a separate decision because it takes place during open
storage.
Intheexample,thefollowingassumptions were made.The naturaldrying ratefor
stemsandchunks is4%and5%absolute/month,respectively. Forceddryingtakes1
month, thermal drying takes a few hours only. The total chain duration isfixed at 3
months.Transportation distance isassumedto be30km.
In Figure 7, a graphical example of a willow agri chain is presented showing
various actionswhich (atthe links)formthe stages ofthe practical implementation of
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the DP approach. In the links, the actors can perform one or more of the actions
defined bydecision X.Asanexample,six possible routesfor particle sizechunks(A
to F)areshownwhich aredescribed inTable 1.
Table1: Possibleroutesforthecalculation exampleforharvestas chunks.
Route Actions
A
harvest-transportation-size reduction-thermaldrying
B
harvest-storage(naturaldrying)-transportation-size reduction-thermaldrying
C
harvest-sizereduction-forceddrying-transportation
D
harvest-sizereduction-transportation-thermaldrying
E
harvest-storage(naturaldrying)-sizereduction-transportation-thermaldrying
F
harvest-storage(naturaldrying)-sizereduction-forceddrying-transportation

Table 2 presents the costs of all actions. Figure 8 shows the calculation method.
Basically,achoice hastobemadewhichoftheactionsdrying (natural,forced and/or
thermal) and size reduction should take place and where (at the farm or at the
energy plant). Harvest and transportation have to take place in all routes. Figure 8
showsthat route Fhas minimum supply costsof27.5 EURO/tDM.
Table 2:Costfigures(EURO/tDM)ofpossibleactionsofthewillowagrichain.
Link
Harvest
Storage
Drying

Chipping
Transportation"

gravel3
natural"
forced0
thermal0
decentral
central

Chips
12.3
0.6
0.2*AMC
0.8*AMC
0.04

Chunks
14.8
0.7
0.7
0.3*AMC
6.4
1.4
0.04

Stems
13.9
0.8
0.8
12.9
2.8
0.04

a

costs in EURO/month.t DM
b
natural dryingcosts areequal to storage costs
0
drying costs depend on the difference between initial and final moisture content (20%); AMC is in
(%absolute) moisture difference;for example, if MCchanges from 50%to 20%,AMC =30
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1. costsfromfinalstage 7tostage6(thermaldrying):
V6(50%,chips)=24
V6(35%,chips)=12
V6(20%,chips)=0
2. costsfromstage6tostage5(sizereduction):
V6(50%,chunks)=1.4+V6(50%,chips)=25.4
V5(35%,chunks)=1.4+V6(35%,chips)=13.4
V5(20%,chips)=0+V6(20%,chips)=0
V5(50%,chips)=0+V6(50%,chips)=24
V5(35%,chips)=0+V6(35%,chips)=12
3.costsfromstage5tostage4(transportation,30km):
V4(50%,chunks)=1.2+V5(50%,chunks)=26.6
V4(35%,chunks)=1.2+V5(35%,chunks)=14.6
V4(20%,chips)=1.2+V5(20%,chips)=1.2
V4(50%,chips)=1.2+V5(50%,chips)=25.2
V4(35%,chips)=1.2+V5(35%,chips)=13.2
4.costsfromstage4tostage3(forceddrying):
V3(50%,chunks)=0+V4(50%,chunks)=26.6
V3(35%,chunks)=0+V4(35%,chunks)=14.6
V3(50%,chips)=min{6+V4(20%,chips),0+V4(50%,chips)}=7.2
V3(35%,chips)=min{3+V4(20%,chips),0+V4(35%,chips)}=4.2
5.costsfromstage3tostage2(size reduction):
V2(50%,chunks)=min{6.4+V3(50%,chips),0+V3(50%,chunks)}=13.6
V2(35%,chunks)=min{6.4+V3(35%,chips),0+V3(35%,chunks)}=10.6
6.costsfromstage2tostage 1(naturaldrying):
Vl(50%,chunks)=min{2.1+V2(35%,chunks),0+V2(50%,chunks)}=12.7
7.costsfromstage 1tostage0(harvest):
V0(50%,tree)=14.8+12.7=27.5.
Route Fistheoptimum routewithtotalcostsof27.5 EURO/t DM
Figure 8: Calculation of minimum chain costs of chunks for the willow case.
The example in this section demonstrates the selection of the order of actions which
have minimum costs over six possible routes through the agri chain only for a limited
number of actors and actions. The process conditions are not incorporated correctly
yet, because fixed drying rates are used. However, ambient process conditions can
affect the natural drying rate, which can lead to smaller or higher moisture contents.
In our methodology, the moisture content after forced or natural drying can also be
calculated with a (set of) differential equation(s) describing the physical process. DP
selects the optimum route from all possible routes through the agri chain. For willow
coppice, this is described indetail by Van den Hazelkamp [1998].
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6 Optimization ofagrichainswithtimedependent quality
parameters
Inthe previous case,the throughput time of the total agri chain and the throughput
time of all actions in the chain were fixed. However, the optimum route through the
chain can be time dependent due to time dependency of certain actions. For
example, the reduction of the moisture content due to natural drying at the farmer
depends on time; generally, the reduction varies between 4 to 5 %absolute per
month [Gigler et al., 1999a]. Since natural drying has low costs compared to other
actions, itwill become morefeasible asthetotalthroughput time and, consequently,
the throughput time for natural drying increases. This is a general aspect in agri
chains: quality development depends on the duration of processes and, therefore,
the throughput time of the chain can determine the optimum chain design. In our
optimization methodology, time dependency can be included as a separate state
variable, which is defined as the total time still available before the target state(s)
must be reached. All decisions on actions which take a certain amount of time
influence the time still available. A decision can only betaken if the time necessary
for the corresponding time dependent action is within the time still available. This
restriction applies to decisions on actions which take a significant amount of time.
For example, size reduction of willow stems takes a few hours while natural drying
takes several months; consequently, the time necessary for size reduction is
negligible.
Inthe MATLAB methodology presented in Figure6,time dependency is included
by introducing an additional state variable which represents thetime still available to
run through the chain. In MATLAB, we introduce an additional 'for loop' which is
defined asthe time still available. Eachtime a decision istaken,the time necessary
forthecorresponding action issubtractedfromthetotalamount oftime stillavailable.
Consequently, the time necessary for a decision is included as output parameter in
the transformation function. This increases the dimension of matrix V by one. If an
action needs more time than the total time still available, this action can not be
selected as optimum decision. The inclusion of time as an optimization parameter
offers the possibility to optimize agri chains as a function of the total time available,
aswellasforeachtimestep separately.
Inthe case ofsection 5,thethroughput timewas fixed atthree months. Inclusion
oftime,which is not illustrated here, meansthat optimization ofthewillow agrichain
is repeatedly executed, for example for month 1 to 12. Thus, for each month, the
optimumchaindesign iscalculated,andsupply strategiescan bederived.
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7 Conclusions
Inthis paper, we proposed a methodology for optimizing agri chains,taking product
appearance and product quality explicitly into account. Clear definitions of links,
actors, actions and states are given. In our view, non-agri chains deal with the
development of appearance states of a product, which are influenced by handling
actions. Transportation and storage do not alter the states of a product in non-agri
chains. In agri chains, the product is characterised by two types of states, namely
appearance states and quality states.Appearance states are influenced by handling
actions. Quality states are influenced by processing, transportation and storage
actions.
Chain optimization by DP refers to the construction of routes, defining which
actors should perform which actions at which process conditions to achieve
minimum supply costs. Conceptually, in our DP approach stages are equal to links
which are actors. Practically, stages can be defined as actions. Models which
describe qualitydevelopment ofaproduct asafunction of process conditions canbe
included into the DP approach. The DP methodology was implemented into a
software tool (MATLAB) and optimum solutions could be determined, which was
demonstrated byacaseofthewillow agrichain.
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Chapter 7

The first objective of this thesis was to develop an optimization tool to determine
minimum cost supply chains ofwillow biomasstoenergy plants.An appropriate tool
to optimize supply chains by Dynamic Programming was presented in Chapter 6.
The second objective was to develop models to investigate the drying process of
willow biomass andthe parameterswhichgovernthis process. Drying characteristics
of willow chips and stems on particle level were described in Chapter 3. Drying
models for forced convective drying of willow chips and natural drying of willow
stems were described in Chapters 4 and 5, respectively. The third objective was to
assess general supply strategies of willow biomass to energy plants. For the
situation in the Netherlands, supply strategies were described in Chapter 2. The
combination of harvest techniques and appropriate drying methods turned out to be
acrucialfactor intheselectionofminimumcostsupplychains.
Analysis of supply strategies revealed that ifthe time span between harvest and
energy conversion was greater than two to three months, harvest as chunks (size
50-250 mm) together with forced convective drying, natural wind drying, or a
combination ofbothdryingtechniques,yieldedaminimum costchain.Information on
chunk drying in Chapter 2 was based on literature. Forced convective drying and
naturalwind dryingofchunks was notdetailed inthisthesis sofar. Therefore, inthis
chapter drying of chunks is discussed. Next, the supply strategies of Chapter 2 are
evaluated bythe optimization model of Chapter 6 incorporating the information from
Chapters 3-5 on willow drying.To investigate to which degree supply strategies are
sensitive to changes of input data, a sensitivity analysis is conducted. Results
obtained forwillow biomass are generalised for other biomass fuels. Finally, general
conclusions aredrawn.

Dryingofwillowchunks
Regardingdrying,chunkscombinetheadvantages ofbothchipsandstems.Chunks
can be dried relatively quickly by forced convective drying and very cheaply by
naturalwinddrying [Gislerud, 1990;Kofmanand Spinelli, 1997;Gigler et al., 1999a].
For forced convective drying, the high pressure drop over a chip bed is a major
disadvantage because itcauses highenergy costs [Mivell, 1988;Westerberg,1993].
The pressure drop decreases considerably when the particle size increases, and
consequently, forced convective drying of chunks requires much less energy than
chips [Smith and Riley, 1984;Arola et al., 1988; Gustafsson, 1988; Gislerud, 1990;
Sturos, 1991; KofmanandSpinelli,1997;Seresetal., 1999].
Generally, naturalwind dryingexperiments with different wood species showthat
chunks inlarge pilesdrywell [Frederikson and Rytegard, 1985; Nilsson,1987;Arola
et al., 1988; Baadsgaard-Jensen, 1988; Gjolsjo, 1988; Mitchell et al., 1988; Mivell,

104

Discussion and conclusions

1988; Nurmi, 1988; Gislerud, 1990; Kofman, 1994; Jirjis, 1995a; Kofman and
Spinelli, 1997; Nellist, 1997b]. These studies report that compared to chips, heat
generation within the chunk pile is lower or even absent, microbial activity is
negligible in chunk piles, and consequently DM losses are reduced.The drying rate
ofa pile largely depends onthe chunk dimensions.Within limits, naturalwind drying
improves whenthe particle size increases because the airflow resistance over apile
decreases. However, quantitative data on the drying process of chunks are often
missing.
To investigate chunk drying,togetherwiththe naturalwind drying experiments on
willow stems (Chapter 5), two piles of chunks were erected in 1997. One pile was
placed on load sensors that recorded the total pile mass as a function of time
(analogous to the stem drying experiments in Chapter 5). The other (control) pile
was placed onthe ground. Results andexperimental information are given in Figure
1. The size of the chunks was determined by sieving [Gigler et al., 1996]:the main
fraction (78%) was in the range of 10to 40 mm, 35%was in the range of 20 to 30
mm. The mean size is smaller than that of the range indicated by the chunk size
definition (50to250 mm).Theexperimentaldryingcurve (Figure 1)showsthatthese
particles driedwell. Continuous temperature measurements inthe pile indicated that
the internal temperature followed the ambient air temperature (not shown here).
Visual inspection after termination of the experiments showed that microbial
degradation inthe pilewasnegligible.
OnJune24,samples weretakenfromthe control pile.The moisture content was
0.31 ± 0.04 kg water.(kg DM)"1 which is close to the moisture content in the load
sensor pile. At the end of the experiments, in both piles, samples were taken for
moisture determination at different positions. The average final moisture content in
thecontrolpile(onSeptember 18),0.24±0.07 kgwater.(kg DM)"1,was inagreement
with the moisture content inthe sensor pile on that date. The final moisture content
inthesensor pile(onOctober 5)was0.24±0.02 kgwater.(kgDM)"1.
To analyse the drying process of chunks in a pile, a forced convective drying
model ofwillow chips (Chapter 4)was used. Model simulations were conducted with
the 1997daily average of ambienttemperature and relative humidity. Inthe model,it
was assumed that drying air moves from the front to the back of the pile (the
distance front-back is defined as the depth). In the vertical plane, perpendicular to
the air flow, homogeneous drying was assumed. Figure 1shows that this model is
an appropriate tool to describe the natural wind drying process of willow chunks.
However, optimization of the input parameters of the drying model (such as chunk
size, magnitude and direction of the air velocity) is necessary to improve the
agreement betweensimulated andexperimentaldryingcurves.
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Figure 1: Moisturecontentof willowchunksasafunctionof timeduringnatural wind
drying.Modelsimulationsweredone with 1997ambientair conditions.The average
diffusiondistanceofthechunkswas1.5*10~2m.Simulatedair velocitywas0.2m.s'1,
simulated bed depths were 2.5 and 5 m. Experimental specifications: In 1997,
chunks wereproduced from three years old willow stems (Salix viminatis)with a
SasmoHP25 chunker.Two chunkpiles were constructed,referred to as theload
sensorpile andthecontrolpile. Theloadsensorpile wascoveredon toptoprevent
rain penetrating the pile. Left and right side walls were covered withplastic foil to
eliminatesideeffects.Onlyfrontandbacksides wereopen. Ofthecontrolpile,only
side walls were covered to eliminate edge effects. Dimensions (depth x width x
height) of the load sensor pile were 5x1x2.7m3 (total mass 2,850kg) and of the
controlpile 4.8x3x3.2m3 (mass7,775 kg). Initialmoisturecontentwasabout0.9kg
water.fkgDM)'1. ThedryingexperimenttookplacefromMarch4untilOctober5. The
straightline(August-September) isduetodataloggingproblems.Dataofthe control
pilearenotshown.
To demonstrate the influence of the pile depth on the drying process, a simulated
drying curvefor chunks with a beddepth of2.5 mis included in Figure 1. The depth
of the chunk bed influenced the drying time. The smaller pile dried faster. In the
constant drying rate period,drying air leaves awet chunk bed fully saturated which
was indicated by model simulations (data not shown). When the bed depth
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increases, more drying air is necessary to reach the same moisture content. Thus,
the bed depth can be used to control the natural wind drying time of chunks.
Based on information from literature and this thesis, a brief assessment of willow
biomass drying techniques is given in Table 1. Although thermal drying is not
discussed in detail inthis thesis, it is included for completeness.
Table 1:Assessment of drying techniques for different particle sizes of willow.
Particle size
Chips

Naturalwinddrying
microbialdegradation,
high DM-losses,
nodrying

Chunks
lowairflow resistance,
low DM-losses,
fastdrying process

Forced convective drying
fastdrying process,high
energy costsdueto high
airflow resistance
++
lowairflow resistance,
fastdrying process

Thermal drying
small particle size
causesfastreleaseof
water

particle sizetoo large
forfast releaseof
water

Stems

++
lowairflow resistance,
slow drying process due
to bark
low DM-losses
slowdrying process
categories:- (veryunfavourable)to++(veryfavourable)

particlesizetoo large
for dryinginstallation,
slowdryingdueto bark

Generally, to accommodate drying, the chunk size should be small in order to limit
the diffusion distance, and thus the drying time. However, the particle size should be
large enough to maintain a low airflow resistance in the chunk bed to enable air to
reach all positions inthe bed easily.
Forced convective drying is not always possible because ambient air conditions
depend on the local weather. Generally, drying air conditions are less favourable
during the night than during the day because of higher relative humidity and lower
temperatures. Therefore, instead of continuous forced convective drying, an
intermittent forced convective drying regime, controlled by the relative humidity, the
temperature of the drying air and the actual moisture content of the willow fuel would
be more efficient. This regime reduces the costs because the ventilation equipment
only operates when air conditions are such that drying occurs [Gustafsson, 1988;
Kofman and Spinelli, 1997; Nellist, 1997b].
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Evaluationofsupplystrategiesofwillow biomasstoenergyplants
In Chapter 2, supply strategies of willow biomass to energy plants were derived for
the situation in the Netherlands. Data were largely based on literature information.
For missingdata,'guestimations'were made.Information on naturalwinddrying and
forced convective dryingwasespecially lacking.Thedatafrom Chapters 3through5
andtheinformation onchunkdrying inthischapterfilledthegap.
The information on drying can be used to optimize supply chains of willow
biomass to energy plants. The supply strategies and costs reported in Chapter 2
were recalculated. Instead ofthesimulation model,theoptimization modeldescribed
in Chapter 6 was used. Basically, all data were identical to those of Chapter 2,
exceptforthefollowing:
• Forced convectivedrying costs of willow chips and chunks. Chapter 4 showed
that the period March-August was most suitable for forced convective drying of
chips. Energy costs ranged from 12-25 EURO.(t DM)"1. Costs of drying to reach
the final moisture content at the energy plant were determined as a function of
the initial moisture content [from 0.33 to 1 kg water.(kg DM)"1]. Handling costs
were also included.The drying costs of chunks were calculated using the same
methodology. Dryingcostsofchunkswere closetothoseofchips:the bed height
ofchunks ishigherthanofchips,butthe bulkdensity islower.
• Thermal drying costs of willow chips. In Chapter 2, the size of the drying
installation was based on the total amount of water to be dried in each supply
chain. Here, the approach was simplified. A rotary dryer was selected with a
capacity of 30,000 t DM.y"1, assuming that a quarter to a fifth of the total fuel
needed (around 130,000 t DM) should be dried thermally. Costs of drying to
reach the final moisture content were calculated as a function of the initial
moisture content [from0.33 to 1kgwater.(kg DM)'1], usingthe method described
byVan't Land [1991].The useofwasteheatwas notincorporated.
Initially, the willow trees have a moisture content of 1kg water.(kg DM)"1. The final
specifications atthe energy plant are a moisture content of 0.25 kgwater.(kg DM)"1,
andaparticle sizeofchipsorchunksforcombustion,andchipsonlyforgasification.
Thefollowingfouroptimal supply strategies aredistinguished,basedonthechain
calculationsfordifferent energyconversionoptions:
1. Immediate supplystrategy
Energy conversion takes place immediately after harvest, without storage. The
supply chainconsists of: harvest aschips- transportation - thermal dryingatthe
energy plant.
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2. Shorttermsupplystrategy
Energyconversiontakes placewithintwomonths after harvest.Thesupply chain
consists of: harvest as chips - forced convective drying at the farm (transportation)- (storage).
3. Mediumtermsupplystrategy
Energy conversiontakes placewithinfivemonthsafter harvest.Thesupply chain
consists of: harvest as chunks - natural wind drying on the headland - forced
convectivedryingatthefarm- (transportation)- (size reductiontochips).
4. Longtermsupplystrategy
Energy conversion takes place at least six months after harvest or later. The
chain consists of: harvest as chunks - natural wind drying on the headland (transportation)- (size reductiontochips).
Certain actions are between brackets to indicate that these actions are not always
necessary to deliver the fuel to the plant, or to comply with the plant's fuel
specifications. For example, for small scale energy conversion, it was assumed
(Chapter 2)that handling comprises transportation becausethe plant is located near
thewillowfields.
Table 2: Optimalsupply strategies of willowto energyplants, as a function of the
timespan(months) betweenharvestandenergyconversion, fordifferentconversion
technologies andscales,togetherwiththerangeofsupplycosts.
Supply
Strategy3
Immediate
Shortterm
Mediumterm
Longterm

Large scale
Gasification Combustion
0
0
1-2C
1
3-5
2-5
6-12
6-12

Smallscale
Gasification Combustion
NA"
NAb
1-3
1
4-5
2-5
6-12
6-12

Costs
ECU.(tDM)"1
54
28-33
20-32
15-21

Immediate: harvest aschips-transportation-thermal drying
Shortterm: harvest as chips-forced drying-(transportation)-(storage)
Mediumterm:harvest aschunks-natural drying-forced drying-(transportation)-(size reduction)
Long term:harvest aschunks-natural drying-(transportation)-(size reduction)
b
Notapplicable,thermaldrying istoo expensive atsmall scale energy plants
c
Explanation: for large scale gasification, for a time span of 1 or 2 months between harvest and
energy conversion,theoptimal supply strategy isShortterm

For the medium term supply strategy, under favourable weather conditions, natural
wind drying of chunks in small piles (instead of forced convective drying) may be
sufficient to meetthe specifications set bythe energy plant, because thedryingtime
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can be controlled by the pile dimensions (bed depth). For the long term supply
strategy, harvest as stems and natural wind drying is a good alternative to chunks
becausethecostsofbothsupply chainsare similar.
The selection of a specific supply strategy depends on the time span between
harvest and energy conversion and the type and scale of energy conversion
technology (Table 2). The partition of the costs over the different actions in the
supply chains (Appendix I and II) shows that, in case thermal drying is necessary,
this action representsthe largest costfactor (70%).Therefore,thermal drying isonly
selected when energy conversiontakes place immediately after harvest. Ifthis isnot
the case, harvest (20-80%) or, if necessary, forced drying (20-50%) are the most
expensive actions inthesupply chain.The shareofsize reduction and transportation
isequal(15-20%).Theshareofnaturalwinddryingandstorage islessthan3%.
The recalculated supply strategies and those of Chapter 2 are largely identical.
Thesupplycostsshowsomedifferences. Duetoabetter understanding ofthedrying
processes andthefactors governing drying,better estimations and cost calculations
may be made. Basically, the design ofthe supply chain depends on the possibilities
of naturalwind dryingandforcedconvective drying becausethese drying techniques
are alternatives, respectively, to forced convective and thermal drying which are
more expensive.Thetime span between harvest and energy conversion determines
if natural wind and forced convective drying are possible. Supply of willow to
gasification plants is generally more expensive than supply to combustion plants,
because the particle size requirements of gasification are stricter (chips only). In
case of chunks, additional size reduction is required for gasification. However, the
energy conversion efficiency of gasification is higher which means that less fuel is
needed to produce the same amount of energy. Consequently, when costs are
expressed perunitofenergy produced,gasification ischeaper [Gigler etal., 1999a].
Sensitivity analysis on optimal supply chains
A sensitivity analysis was conducted to investigate the robustness of supply
strategies to changes in cost figures and other assumptions, such as drying rates.
The sensitivity analysis was only done for large and small scale gasification. For
combustion, the resulting trends were identical. Only one factor was changed at a
time.Where possible,changes were based on realistic assumptions (thermaldrying,
natural drying rate). In other cases, changes were large enough to ensure that
differences occurred (e.g. harvest costs) or to demonstrate that even big changes
did notaffecttheoptimal chains (e.g.transportdistance).
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Table 3: Effect of single alterations on the selection of supply strategies for large and
small scale gasification and the resulting optimal chains (strategies refer to Table 2).
Factorthatwas changed
Largescalegasification
Harvest costs ofchips x1.25
Harvest costsofchunksx1.25
Forceddryingcostsx1.5
Thermal dryingcostsx 0.5
Costs ofchipping chunksx2
Transport distance x2
Natural drying rate3%/montha
Naturaldryingrate7%/montha
MCrequirements 0.4b
Smallscalegasification
Harvest costsofchips x1.25
Harvest costs ofchunksx1.25
Forced drying costsx1.5
Costsofchippingchunks x2
Natural drying rate3%/montha
Naturaldrying rate 7%/montha
MC requirements 0.4b

Resultingoptimalchain
mediumtermstrategy: months2-5 instead of 3-5
shorttermstrategy: months 1-3 insteadof 1-2,
longtermstrategy: harvest asstems insteadof chunks
mediumtermstrategy: months2-5 insteadof 3-5
no change
nochange
nochange
mediumtermstrategy: months3-9 instead of 3-5
longtermstrategy: months 5-12 insteadof 6-12
mediumstrategy: months 2-3 instead of 3-5,
longtermstrategy: months4-12 insteadof 6-12
mediumtermstrategy: months 3-5 instead of4-5
shorttermstrategy: months 1-4 insteadof 1-3
mediumtermstrategy: months 3-5 instead of4-5
shorttermstrategy: months 1-4 insteadof 1-2,
longtermstrategy: harvestasstems instead of chunks
shorttermstrategy: months 1-4 instead of 1-3,
mediumtermstrategy: months 5-9 insteadof4-5
mediumtermstrategy: months 2-4 insteadof4-5,
longtermstrategy: months5-12 insteadof6-12
longtermstrategy: months4-12 instead of6-12,
no mediumterm strategy

standard5%absolute/month:e.g.50to45%equals25to 20%
requiredmoisturecontent0.4insteadof0.25kgwater.(kgDM)"1

b

The sensitivity analysis (Table 3) revealed that the supply strategies were robust
because changing different factors in the supply chain had little effect on the
strategies. Natural wind drying is of crucial importance because of its low cost.
Basically, changing the assumptions only moved the transition points between short
and medium term, and between medium and long term supply strategies. Exceptions
are the cost increase of harvest as chunks for large scale gasification, and the cost
increase of chipping for small scale gasification. In the latter cases, harvest as
chunks is not feasible anymore and is replaced by harvest as stems. Although DM-
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losses were not incorporated, the effect on the selected optimal design is probably
small becausethis isnotverysensitivetochange.
Two changes in Table 3 require explanation. Firstly, natural wind drying rates
were changed to investigate the effect on optimal chains of better or worse drying
duetodifferent weather conditions, different chunk pile dimensions and the effect of
early harvest (i.e. December or January instead of February or March). Secondly,
thermal drying costs were halved inorder to incorporate the use of waste heat from
the energy plant, butthe optimal chain did not change. Inthis thesis, a rotary dryer
was used.However, recent developments indicate that steamdryers and continuous
fluid-bed dryers may be promising drying technologies for biomass fuels [Berghel
and Renstrom, 1998]. Efficient thermal drying techniques and the use ofwaste heat
canreducethesupplycosts,butwillnotchangetheoptimal strategies.Itshouldalso
be noted that interest losses due to storage were not included in the cost
calculations. Because supply chains were compared to each other as a function of
time, interest losses are identical for options with the same time span between
harvest and energy conversion.The inclusion of interest costs does not change the
optimal chains,though itincreasestheactualsupplycosts.
In practice, specifications at the energy plant are not as strict as they are
presented here. Furthermore, because practical experiences with biomass fuels are
limited,fuelspecifications atenergy plants arenotexactly clearanddifferences exist
between plants. Optimal supply chains and associated supply costs largely depend
on the local situation with respect to machinery, transport facilities, climatic
conditionsandsoon.Theoptimizationtoolcanhandlethese differences.
It is common practice that energy plants pay for the amount of dry matter
delivered. The amount of dry matter slowly decreases due to DM-losses during
storage and handling. Consequently, the value of the biomass stock slowly
decreases. Bychoosingthe right storage methods,both DM-losses andthe moisture
content can be reduced. A lower moisture content increases the net energy value
and reduces the massto betransported,gaseous emissions ofthe energy plant etc.
Thus, it seems fair to reward willow suppliers for their efforts by paying for the
amount of energy delivered corresponding to the gross amount of dry matter. Both
thewillowsupplierandtheenergy plantwillprofit accordingly.
Overview
In this thesis, supply strategies and drying processes are described for willow
biomass. The general trends of these supply strategies are likely to be valid for
biomassfuelsfromotherwoody species,such as poplar coppice,prunings andtrees
like birch and pine. When biomass fuels of other woody species are harvested as
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chips or chunks, results will be about the same as for willow, because the particle
sizes arethe same. However, to usethe drying models described inthis thesis,for
other woody species, it may be necessary to investigate the drying characteristics.
The supply costs may be different due to the need for different equipment (like
harvesters).
Different supply strategies will probably occurwhen woody biomass is harvested
asstems.Duetolonger harvestcycles,stemdiameters ofpoplar andothertreesare
usually much larger than those ofwillow. A larger stem diameter increases the time
required for natural wind drying which means that, in practice,the moisture content
can probably not be reduced as much as inwillow. For whole trees ofvarious wood
species (Sitka spruce, pine), Gislerud [1990] reported that within one year a
decrease inthe moisture contentto lessthan 0.33to0.5 kgwater.(kg DM)"1was not
possible.Thus,harvestaschunks maybepreferabletoachievealarger reductionof
the moisture content.
For fuel from non-woody species, such as miscanthus and hemp, supply chains
may be completely different. In contrast to woody biomass fuels, the moisture
content at harvest depends on the time of harvest [Huisman and Gigler, 1997]. In
some cases, harvest cantake place at a moisture content low enough for long term
storage (e.g.harvest of miscanthus in March). It is also possible to apply field drying
to reducethe moisture content ofthese crops [Huisman and Kortleve, 1994;Venturi
et al., 1997].However,for products like hempandstraw,the harvest period (whichis
from July until November) can also beadisadvantage for storage. From September
onwards, ambient air conditions become less favourable, impeding drying. In order
to enable the use of the drying models developed in this thesis (Chapters 3-5),
investigation of the drying characteristics of non-woody biomass fuels is necessary.
Theoptimizationtooldescribed inthisthesis remainsapplicable.
Conclusions
Thetoolwhichwasdeveloped tooptimize supply chains ofwillow biomass provedto
be useful for deriving energy plant supply strategies. In this thesis, general supply
strategies were derived for the situation in the Netherlands. However, the
optimization model and drying modelswhichwere developed are suited for different
input data, which means that these tools can be used for different (climatic and
other)conditions.
Regarding supply strategies,thetimewhich is necessaryto achievethe moisture
content (specified bythe energy plant) by naturalwind drying isadetermining factor
as natural wind drying is a low cost method to reduce the moisture content. The
following conclusions aredrawnforthesupply strategies:
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• Supply of willow biomass to the energy plant immediately after harvest is not
recommended. The willow fuel is too wet [approximately 1 kg water.(kg DM)"1]
and the time available for natural wind drying or forced convective drying is too
short,which meansthat (expensive)thermal drying is necessary.
• If the time span between harvest and energy conversion is at least one month,
butlessthanthetime requiredtoachievethe necessary reduction inthe moisture
content by natural wind drying; the best supply strategy is harvest as chunks,
followed by natural wind drying at the farm and forced convective drying of
chunks prior to transportation to the energy plant. Because the chunk pile
dimensions can beusedto influence thedryingtime, pile size should beadapted
tothe availabletime inorder to reducethe moisture content as much as possible
bycheapnaturaldrying.
• If the time span between harvest and energy conversion equals or exceeds the
time required to achieve the necessary reduction of the moisture content by
natural wind drying; harvest as chunks or stems with natural wind drying at the
farm priortotransportation isrecommended.
• If necessary, size reduction can best bedone atthe energy plant as advantages
ofscale reducethecosts.
The supply strategies derived in this thesis can serve as guidelines for all parties
involved inthe processofgeneratingenergyfrom biomass.
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AppendixI
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Supply costs of willow as a function of the time span between harvest and energy
conversion, for large scale gasification and combustion. For large scale gasification,
harvest is as chips for months 0 to 2, from month 3 on as chunks. For large scale
combustion, harvest is as chips for months 0 and 1,from month 2 on as chunks.
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AppendixII
Costs (EURO/tDM)
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combustion, harvest is as chips for month 1,from month 2 on as chunks.
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Prompted bythe need to reducethe output of CO2and other so-called 'greenhouse
gases', renewable energy sources such as solar energy and biomass are gaining
increasing notice. The Dutch Government has set a target to replace 10% of
domestically consumed energy by renewable energy bythe year2020.Biomass isa
collective noun for products of recent organic origin, which can be grouped into
waste products (e.g. demolition wood, sewage sludge), by-products (e.g. straw,
foliage) and energy crops (e.g.willow, poplar). A biomass fuel has a closed carbon
cycle, andtherefore isa renewable sourceof energy.At present, inthe Netherlands,
biofuels from energy crops are more expensive than from waste and by-products. If
the price atwhich energy cropsareoffered can be reduced,they should attract more
interest from energy producers. For agriculture, energy crops can be an alternative
tocommoncrops likegrain,potatoes andsugar beet.
This thesis focuses on supply chains of biomass fuels to energy plants. As a
representative of both woody biomass fuels and energy crops, willow (Salix
viminalis) was chosen as the test sample. The objectives of the research were,
firstly,to develop an optimization tool to determine minimum cost supply chains of
willow biomass, secondly, to develop models to quantitatively describe the drying
process of willow biomass and to investigate the parameters which govern this
process, and thirdly, to provide general supply strategies which deliver willow
biomass to energy plants (according to the plant's fuel specifications) at minimum
costs.
The supply chain was defined as starting at harvest and ending at the energy
plant. The supply chains considered consisted of harvest, storage, drying (natural,
forced and thermal), size reduction and transportation. At harvest, willow has a
moisture content of about 1 kg water.(kg DM)"1. A lower moisture content is
advantageous because it increases the conversion efficiency of willow, reduces
gaseous emissions and enables long term storage of chips.At the energy plant,the
fuel specifications are a moisture content of 0.25 kg water.(kg DM)"1and a particle
size of chips or chunks. Thus, in the supply chain, drying and size reduction are
necessarytomeettheplant'sfuelspecifications.
To gain insight into the drying process, the drying characteristics of willow
particles (chips and stems, with and without bark) were investigated. Drying
processes weredescribed with adiffusion equation for a plane sheet (chips) orfora
cylinder (stems),linked tothe masstransfer of moisture tothe air. Drying of awillow
stem with bark was successfully modelled as drying of a willow stem without bark
surrounded by a thin layer (bark) with a much lower diffusivity. A willow stem with
bark dried approximately ten times slower (dryingtime inthe order of weeks)thana
willow stemwithout bark (dryingtimes intheorder ofdays),due tothe low diffusivity
ofthe bark.
130

Summary

At bulklevel,forcedconvectivedryingofchipsand naturalwinddryingofstemswere
investigated.The bulk drying process was described with a deep bed drying model
which accounted for the moisture and temperature gradients of both wood and air
therein. The model was validated experimentally. Forced convective drying with
ambient air of a 1 m high willow chip bed was adequately described by the model.
The technical possibilities and costs of drying willow chips, using farm facilities for
storage and drying of potatoes,were assessed, based on average monthly weather
data. Marchto September wasthe most suitable period for drying dueto favourable
weather conditions. Compared to harvest costs, forced convective drying is a
considerable costfactor insupplychains.
The natural wind drying process of willow stems in large piles was investigated.
Data of large scale drying experiments were statistically analysed and compared to
drying model calculations. During storage from harvest (December-April) until
August, the average pile moisture content could be reduced from about 1.0 to
between 0.2 and 0.3 kgwater.(kg DM)"1,which was close or equal tothe equilibrium
moisture content. The pile dried uniformly, except for the top layer which forms a
small part ofthe pile only. Covering the pile had no longterm effect onthe moisture
content. Within a single willow stem, the moisture content was largely uniform.
Moisture diffusion within a stem was shown to be a long term process governed by
the ambient relative air humidity and temperature. Evaporation of moisture at the
outside of a stem was shown to be a short term process governed by rainfall,wind
andglobalradiation.
Chunks combined the advantages of both chips and stems. Experiments and
model calculations showed that chunks could be dried relatively quickly by forced
convective dryingandvery cheaply bynaturalwinddrying.
An optimization tool was developed to optimize supply chains of willow biomass
by Dynamic Programming. The optimization model proved to be a useful tool in
deriving supply strategiestoenergy plants.The modelwasapplied tothe situation in
the Netherlands. The natural wind drying time, necessary to achieve the moisture
content, specified by the energy plant, was a decisive factor in supply chains,
because naturalwind dryingofchunks andstems isa lowcost methodto reducethe
moisture content. A sensitivity analysis revealed that the supply chains were robust
because changing different factors inthe supply chain had little effect on the supply
strategies.Thefollowingconclusions weredrawnforthesupply strategies:
• Supply of willow biomass to the energy plant immediately after harvest is not
recommended. The willow fuel is too wet and the time available for natural wind
drying or forced convective drying is too short, which means that (expensive)
thermal dryingis necessary.
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• If the time span between harvest and energy conversion is at least one month,
butlessthanthetime requiredtoachievethe necessary reduction inthe moisture
content bynaturalwinddrying(uptoaroundsix months);the bestsupply strategy
is harvest as chunks, followed by natural wind drying at the farm and forced
convective drying of chunks prior to transportation to the energy plant. Because
the drying time of chunks can be influenced by the pile dimensions, pile size
should be adapted to the available time in order to reduce the moisture content
asmuchaspossible bycheap naturaldrying.
• If the time span between harvest and energy conversion equals or exceeds the
time required to achieve the necessary reduction of the moisture content by
naturalwinddrying (fromaroundsix monthson);harvest aschunksorstemswith
naturalwinddryingatthefarm priortotransportation isrecommended.
• If necessary, size reduction can best be done at the energy plant, since
advantages ofscalereducethecosts.
These supply strategies can serve as guidelines for all parties involved in the
processofgeneratingenergyfrombiomass.
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Drogenvanwilginaanvoerketensvanbiomassa
De belangstelling voor duurzame energie (zoals zonne- en windenergie en energie
uit biomassa) neemt wereldwijd toe. De belangrijkste reden is dat door het vervangen van fossiele brandstoffen (aardolie, aardgas en steenkool) door duurzame
energiebronnen de uitstoot van koolstofdioxide afneemt. Zodoende kan het broeikaseffect, waardoor detemperatuur op aarde langzaamstijgt,wordentegengegaan.
De Nederlandse overheid heeft zich als taak gesteld om in het jaar 2020 10%van
onzeenergieduurzaamoptewekken.
Biomassa is organisch materiaal dat als brandstof in een energiecentrale kan
dienen. Erworden drie stromen onderscheiden, namelijk afvalproducten (bijv. bouwen sloophout), bijproducten (bijv. stro en loof) en energiegewassen (bijv. wilg en
populier). Als brandstof staan momenteel in Nederland vooral afval- en bijproducten
in de belangstelling omdat ze goedkoper zijn dan energiegewassen. Echter, door
verlaging van de prijs van energiegewassen kan de belangstelling van energieproducenten voor deze brandstof toenemen. In de toekomst is dit mogelijk interessant
voor de landbouw, omdat energiegewassen een altematief kunnen bieden voor
gangbare gewassen als aardappelen, bieten en granen waarvan de prijs steeds
onderdruk staat.
Een van de mogelijkheden om de prijs van energiegewassen te verlagen is de
aanvoer van biomassa naar een energiecentrale goedkoper maken. Daar richt dit
proefschrift zich op. Als voorbeeld is het energiegewas wilg (Salix viminalis)
gekozen.Allehandelingen die nodigzijnomwilgvande plaats vandeoogst naarde
energiecentrale te brengen, worden tezamen de aanvoerketen genoemd. De
aanvoerketen bestaat hier uit de volgende schakels: oogst, opslag, drogen,
verkleinen en transport. De aanvoerketen eindigt bij de energiecentrale waar de
brandstofaandeeisenvandecentrale moetvoldoen.
Deoogstvanwilg kanals chips,blokjes (ofwel chunks,die groter zijndan chips)
of hele Stengels plaatsvinden. Tijdens de oogst is het vochtgehalte van wilg
ongeveer 50%. In dit proefschrift wordt verondersteld dat de energiecentrale een
vochtgehalte van ongeveer 20% en een deeltjesgrootte die overeenkomt met chips
of blokjes nodig heeft. Verlaging van het vochtgehalte heeft als voordeel dat meer
energie uit biomassa wordt gehaald, minder schadelijke rookgassen worden
uitgestoten endatde opslagvandrogewilgenchips gedurende langetijd mogelijk is.
Voor het drogen wordt onderscheid gemaakt tussen natuurlijk (door de wind),
geforceerd (meteenventilator) enthermisch drogen (met hetelucht).
De doelstelling van dit proefschrift is drieledig. De drie delen worden hierna beschreven.
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Eerste doelstelling: het ontwikkelen van een optimalisatiemodel waarmee de
goedkoopste aanvoerketen van biomassa naar een energiecentrale kan worden
berekend.
Het optimalisatiemodel dat in dit proefschrift is beschreven, is gebaseerd op de
wiskundige techniek 'Dynamische Programmering'. Het optimalisatiemodel is een
handig hulpmiddel om voor verschillende situaties op een snelle manier de goedkoopste aanvoerketen tebepalen.
Tweede doelstelling:hetontwikkelen vanmodellendiehetdrogenbeschrijvenenhet
onderzoekenvandefactorendievaninvloedzijnophetdrogen.
Het droogproces vanwilg isoptwee niveaus onderzocht: lossedeeltjes en een heel
bed met deeltjes. Op deeltjesniveau zijn chips en Stengels (met en zonder bast)
onderzocht. Het droogproces is beschreven met een diffusiemodel voor een vlakke
plaat (voor chips) en voor een cilinder (voor de Stengels). Een Stengel met bast is
beschreven als een stengel zonder bast, omgeven door een dunne laag (de bast)
meteen hogeweerstand tegen uitdrogen. Eenstengel met bast droogt ongeveer 10
keer zo langzaam (in de orde van weken) als een stengel zonder bast (in de orde
vandagen).
In een heel bed met deeltjes is het geforceerd drogen van wilgenchips (met een
ventilator) en het natuurlijk drogen van wilgenstengels (aan de wind drogen)
onderzocht. Hetdrogen ineen bed is beschreven meteen model dat rekening houdt
met het vochtgehalte en de temperatuur van het hout en van de drooglucht (een
zogenaamd 'deep bed' model). Met wilgenchips zijn experimenten uitgevoerd
waarbij een bed met een hoogte van 1mwerd gedroogd. Het model beschreef het
drogen goed.Verder zijn de mogelijkheden en kosten onderzocht omwilgenchips in
een aardappelschuur te drogen onder Nederlandse weersomstandigheden. Het
bleek dat de periode maart-september het meest geschikt was maar dat de kosten
van hetdrogenvanwilgenchips invergelijkingtotdeoogstkosten (te) hoogzijn.
Met het natuurlijk drogen van wilgenstengels tijdens opslag in grate stapels zijn
ookexperimenten uitgevoerd.Gedurende opslagvanafdeoogst (december-april)tot
en met augustus daalde het vochtgehalte van ongeveer 50% tot 10 a 20%. Het
model voorspelde het drogen correct. Verder bleek dat de verdeling van het
vochtgehalte in de stapel uniform was, op de toplaag na. De toplaag vormt echter
maareen kleindeelvandestapelenheeftdaaromweinig invloedop hetgemiddelde
vochtgehalte van de stapel. Afdekken van de stapel tegen regen had op de lange
termijngeen nut. Binnen een stengelwas hetvochtgehalte ook minof meeruniform.
Transport van water binnen een stengel is een heel langzaam proces. Dit proces
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hangt af van de relatieve vochtigheid en temperatuur van de lucht. Het verdampen
vanwater aande buitenkantvaneen Stengeliseen relatief snel proces datafhankelijk isvan neerslag,windenzonnestraling.
Blokjes combineren de voordelen van chips en Stengels. Experimenten en
berekeningen met het droogmodeltoonden aan dat blokjes snel geforceerd drogen
endatnatuurlijk drogeneengoedkoop altematiefis.
Derde doelstelling:het afleiden van een algemene strategie waarbij wilg tegenzo
laagmogelijke kostenaandecentralewordtgeleverd.
Uitde berekeningen met het optimalisatiemodel (eerste doelstelling) blijkt dat detijd
die beschikbaar is voor natuurlijk drogen zeer belangrijk is,omdat natuurlijk drogen
goedkoop is.Deconclusieszijnalsvolgt:
• Aanvoer vanwilg naar de energiecentrale onmiddellijk na deoogst is niet aante
bevelen omdat de brandstof te nat is. De tijd om (goedkoop) natuurlijk en/of
geforceerd te drogen is dan te kort. De enige mogelijkheid is thermisch drogen
hetgeenteduuris.
• Wanneer de beschikbare tijd ten minsteeen maand bedraagt, maar niet genoeg
isom met natuurlijk drogen het gewenste vochtgehalte te bereiken (ongeveer 6
maanden), dan is de beste strategie: oogst als blokjes, gevolgd door natuurlijk
drogen engeforceerd drogen opde boerderij,waarna transport naar deenergiecentrale kan plaatsvinden. Door de diepte van de blokjesstapel aan de beschikbare tijd aan te passen, kan de droogtijd worden bemvloed: hoe meer tijd beschikbaar is,hoedieperdestapel magworden.
• Wanneer de beschikbare tijd voldoende is om het gewenste vochtgehalte met
natuurlijk drogente bereiken,isde bestestrategie:oogst als blokjes ofStengels,
gevolgddoor natuurlijk drogen envervolgens transport naardeenergiecentrale.
• Indien nodig kan verkleinen van Stengels en blokjes tot chips het best bij de
energiecentrale wordengedaanomdatdaarde kostenvanwege schaalvoordelen
hetlaagstzijn.
Alhoewel elke situatie anders is, zijn de algemene aanvoerstrategieen, zoals
hierboven beschreven, als richtlijnen te gebruiken door alle partijen (bijv. brandstofleveranciers, energieproducenten en transportbedrijven) die bij het proces van
energieopwekking uit biomassa betrokkenzijn.
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