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With rising fuel costs and enhanced environmerdaterns, the use of
renewable energy has been steadily considered aedyvexpounded as a solution to
the challenges of global energy security and cientéitange. The use of woody
biomass, in particular, has received considerdidmion for energy production due
to the potential availability of large volumes frdael reduction thinning operations
and healthy forest restoration plans. However, wdmdmass utilization is not as
economically attractive as fossil fuel due to tighlproduction and transportation
costs compared to the relatively low market vahfethese materials. Therefore,
identifying or developing cost effective productiand transportation systems has
become an economically critical issue to expandibigs utilization. In woody

biomass production, the transportation of wood maaterials from the sources to the



conversion facilities is the largest single compurad production costs for many
suppliers around the world. Therefore, small insesan transportation efficiency
could significantly reduce the overall productiarsts. The purpose of this study was
to provide new knowledge which leads to improveraémthe economic feasibility of

using woody biomass for energy through reductiartsansportation costs.

This dissertation:

» Developed prediction models to estimate the trameds including terminal
(loading and unloading) times to haul woody bionfass non-forest sources
to conversion facilities in western Oregon and deieed the effects of off-
forest road classes on transportation times ants.cbise travel time prediction
model developed was shown to be a good predictdrdeel time through a
validation procedure. The average percent diffexdratween actual and
predicted travel times was only 6 percent.

» Developed a computer model, named BIOTRANS, torest the biomass
transportation productivity and cost and evaluditedeffects on transportation
costs of different truck configurations, transpdrteaterial types, and travel
route characteristics. Different truck configurascand transported material
types significantly affected transportation costel axle truck and single
trailer was the most cost efficient hauling confegion for the conditions

studied and shavings have 30 percent higher trgatosts than other material

types.



Developed an optimization model to solve a trudikesiuling problem for
transporting four types of woody biomass in westeragon. For an actual 50-
load order size, the truck scheduling model prodwgignificant improvements
in solution values within 18 seconds. The averageictions in transportation
cost and total travel time were 18% and 15%, rdspady.

Reviewed collaborative management systems andideddhe potential
implementation of collaborative transportation ngeraent in the woody

biomass transportation industry.
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CHAPTER 1

GENERAL INTRODUCTION TO DISSERTATION TOPIC

1.1LITERATURE REVIEW

1.1.1 Background

With rising fuel costs and enhanced environmerdaterns, the use of
renewable energy has been steadily considered atedyvexpounded as a solution to
the challenges of global energy security and clentéitange. For instance, U. S.
President Obama has commented that renewable ecaulylysupply 10% of the
nation's electricity by 2012, rising to 25% by 2q€kbama and Biden 2009).
Hydroelectricity, wind power, solar power, geothatmower, and biomass are

considered as current renewable energy sources.

Biomass energy has recently become an attractitegosel alternative to fossil
fuels in the United States due to a sustainablplgwgiain of energy sources. The use
of biomass for energy generation could also coatelo waste utilization and
pollution alleviation as well as energy conservatiBiomass has recently become the
single largest source of renewable energy by sampg$ydropower and now supplies

over 3% of the total energy consumed in the Unitades (Perlack et al. 2005).



The use of woody biomass, in particular, has rexkoonsiderable attention for
energy production due to the potential availabitityarge volumes from fuel
reduction thinning operations and healthy forestation plans. The amount of
forest biomass available for bio-energy converswas estimated to be 368 million
dry tons annually (Perlack et al. 2005). In additivhen forest biomass sources are
combined with agricultural biomass sources, it widug possible for biomass to
support 30% of the energy provided by fossil firer{ack et al. 2005). However,
woody biomass utilization is not as economicallyaative as fossil fuel due to the
high production and transportation costs compavetl relatively low market values
of these materials. Although the U.S governmenvtipies substantial government
subsidies for biomass to become a viable altereakhiigh production and
transportation costs are still economic barrierh&owidespread utilization of woody
biomass for energy production (Rummer 2008). Theesfidentifying or developing
cost effective production and transportation systéas become an economically

critical issue to expand biomass utilization.

Transporting wood raw materials from the sourcethéoconversion facilities is
the largest single component of production costsrfany suppliers around the world.
In past studies, transportation costs accountldoua25 to 50 percent of delivered
costs depending on hauling distance, load bulkitleasd moisture content of
delivered materials (Ronnqvist et al. 1998, McDdr&tlal. 2001, Halbrook and Han
2005, Pan et al. 2008). McDonald et al. (2001) regubthat transport costs represent

about half of the delivered cost of wood raw matsrin the southern USA. Pan et al.



(2008) studied the production cost of small-diam@ess than 5 inches) trees for
energy. They reported the transportation cost sgmted 47 percent of the total cost
and found it was the largest component of the ®talem costs. Especially in low
value material, such as forest biomass, transpamtabsts are the critical component
to be economically managed to reduce the totalymtiah costs. Research on
transportation systems by Ronnqvist et al. (1998Jso relevant to the economics of
bio-energy production. They suggested small inagas efficiency of transporting
woody material from sources to energy plants ceiddificantly reduce the overall
production costs. There is considerable interedolsst industries worldwide in
decision support systems (Cossens 1993, Palmgfh Rurphy 2003), equipment
configurations (Sinclair 1985, Webb 2002), and rtadk interactions (Douglas et al.
1990) that can lead to reductions in overall transposts and improve the utilization

of wood.

1.1.2 Transportation equipment for woody biomass transportation

Chip vans are the most cost efficient method fangporting forest biomass
around the world (Rawlings et al. 2004). Chip vassally need some specific forms
such as solid panels to prevent the loss of smadidy particles and the possum belly
in the underneath of the trailer to increase themtal payload of trailers (Angus-
Hankin et al. 1995). However, these advantageonBgroations often result in

limited accessibility of chip vans on the forestds because they have greater off-



tracking, lower clearance, and higher center o¥ityaompared to conventional log
trucks. Conventional chip vans, can, thereforey el used on forest roads which
have been designed and constructed with wider suthan those designed for the
stinger-steered log trucks which are typically uk®dog transportation in the forest.
For these reasons, the development of new equipcoefigurations has received

considerable attention in woody biomass transportat

Sinclair (1985) described a container system tovecwoody biomass from
mountainous terrain. He found that this systemdguasl potential to haul chunks and
short logs from landings and roadside debris actaiiouns in the forest. Webb (2002)
introduced the log/chip B-train vehicle which wagpable of hauling both chips and
logs and could improve chip and log truck utilipati Rawlings et al. (2004) described
a roll-off trucking system that has a straight featruck configuration in which
modular containers are “rolled” onto and off of #teaight frame truck by means of a
truck-mounted hydraulic winch and a hook. Theyaédghis system in two different
harvesting sites and found that a roll-off trucksygtem significantly improved both
accessibility to more forest residues and econatfiiciency of the recovering
process. In recent years, the U.S. Forest Serasalbsigned a stinger-steered chip
van. It combines features from a regular loggiagdr and a cargo container and can
access the same forest roads as a conventionahdpggck. This is considered to be a
better alternative than constructing or reconsingdiorest roads for conventional chip
vans since there are lower investment costs agedandth converting existing trailer

systems to stinger-steered chip van configurations.



1.1.3 Trave time models for forest roads

Travel time per unit distance is mainly influendsdthe travel speed. Travel
speed on a particular road segment is determineg\sgral road factors such as
horizontal and vertical alignments, road widthsfating characteristics and other
road properties. Load size and truck charactesistitl also influence the travel speed
but, within an optimum range of load sizes, théuefce would be small (Groves et al
1987). Several forest transportation studies haaeneed the relationship between
travel times and road classes and also developee@lmto predict truck travel times
and transportation costs based on road classesd®yral. 1960, Groves et al. 1987,

Moll and Copstead 1996, Pan et al. 2008).

Byrne et al. (1960) in their classic logging roahtbook quantified the effects
of road design variables such as grade, alignmead, width, and surfacing on
hauling productivity and costs from US forests. Tie&l work for this publication,
often referred to as BNG, was carried out in 1943 trucks on which it was based
have changed substantially over the past half cgniinerefore, there has been
interest in determining the accuracy of BNG angkei€essary, improving the travel
time component of BNG. Jackson (1986) tested BNf@édlict log truck travel speeds
in three different locations in Western Oregon avofable grades and curves. They
found that BNG for favorable grades steeper thapet6ent overestimated travel
times compared to observed travel times. In faderglades less than 16 percent,

however, it was a relatively good predictor of gbatimes.



Moll and Copstead (1996) reported a comparisonNGRBvith observed travel
times and two computer based vehicle performamoalation packages, OTTO and
TRUCK. Log truck travel times were observed at ¢hational Forest sites-the
Sequoia in California, the Tongass in Southeagdaska, and the Chattahoochee in
Georgia. They found that BNG predictions were aldsebserved times than
software predictions for most conditions. The d#éfeces between predicted and
observed data were not as great for BNG as for QMR CK produced overly high

speeds with extremely wide range for Sequoia camndit

Groves et al. (1987) investigated the travel timarticulated logging trucks
along varying classes of road in Tasmania, Austrdlhey also developed a road
classification systems based on road functionscanditions. Using this system,
prediction model was developed to estimate trawedd over any specified route for
both unloaded and loaded travel. They found thedéol and unloaded travel times
were strongly related to their road classesXR5%). In model validation by
comparing actual and predicted travel times ppr they found that the prediction

model sufficiently estimated travel times withimaximum error of 6%.

Pan et al. (2008) investigated productivity and cosfour fuel-reduction
thinning treatment units in Arizona. Time studiesrevapplied to develop cycle time
regression equations for harvesting machines imofui@ller-buncher, skidder, loader,
grinder, and chip vans. A prediction model for gltime was developed for three

different road types and one material type; hod flieey found that the transportation



distance on various road types positively affetchesdhauling cycle time. The
regression coefficients suggested that given theesdistance, spur road distance had

the greatest effect on cycle time, while the infiloe of highway was less.

Most of the past investigations were related toveational log trucks. The
literature lacks information about the effectsadda classes on transportation costs for

chip vans to carry woody biomass from sources twersion facilities.

1.1.4 Trucking cost models

Trucking industries face different input pricespghuct characteristics, truck
configurations, geographical characteristics, faize, and driving practices.
Therefore, it is difficult to obtain current estitea of costs for particular independent
owner/operators. Understanding of transportatiest stsucture through simulations of
cost models can help identify possibilities foi@éncy gains that may lead to
increased profits or decreased costs (Casavar®).ll@9articular, a productivity and
costing model can be used to plan and optimize wbammass transportation
operations by allowing the user to vary truck cgafations, haul routes and other
haul cost parameters. A number of truck costingetoldave been developed both

within and outside of the forest industry.

Taylor (1988) described a spreadsheet-based tastikng model (TRUCKAALI)

that was developed by the New Zealand Logging lmgi&esearch Association. The



costs of owning and operating trucks were combimighl user-supplied productivity
data (average haul distance, average payload, muhb@s per day, etc.) to provide

a trucking rate ($ per tonne-trip).

In Canada, the Forest Engineering Research IrstifuCanada (FERIC)
developed a log transportation cost model, prograchusing Visual Basic (Blair,
1999). The costs of constructing and maintaininggbroads as well as the costs of
owning and operating the trucks were incorporatéa the model. The program
allows the user to specify a haul fleet and hautepand then analyze the costs of the
specified haul system. In this paper, the modeltesi®ed for log transportation from
the stump to the mill in Alberta, CA. He also penfied cost sensitivity analysis and

evaluated the key cost elements affecting log partation costs.

Trimac Consulting Services also created a comméeractivity based model for
commercial grain trucking in Western Canada (Trirhagistics Ltd., 2001). This
computer model permitted the user to estimate taakportation cost based on
realistic transportation data input by users anextaore the impact of various

operational conditions and data assumptions ors cost

In the USA, Berwick and Dooley (1997) developedugk cost model for
transporting agricultural products such as barteyn, oat, wheat, and soybeans in
North Dakota. The truck cost spreadsheet modeldgagyned using Microsoft Excel.
The model allowed the user to estimate truckingscfus a variety of truck

configurations, product characteristics, trip ctiodis, and input prices. The



spreadsheet model was constructed with six linkee@ts; trip characteristics, fixed

cost, variable cost, trailer, cost summary, angiseity pages.

In the Pacific Northwest, My Fuel Treatment PlanfMyFTP) based on
Microsoft Excel, was created by the USDA Foreswiger(Fight and Barbour, 2004).
This model mainly estimated the production and ingutosts associated with forest
fuel reduction treatments and also included paaénévenues from these treatments.
In this paper, they also proposed the developmieainew trucking cost model for
hauling chips due to limited accessibility of clvgins compared to conventional log

trucks.

1.1.5 Truck scheduling models

Planning for woody biomass transportation is cogr&d to be a complex
problem because it has multiple supply and demaittgy multiple material types,
multiple truck and trailer configurations, and niplk time periods. Currently, woody
biomass truck fleets are typically scheduled asgatched by transport planners
based on their local knowledge and experiencesmaill-sized truck fleets, transport
planners can handle the organization of their ingkoutes adequately without
scheduling aids. With increasing fleet sizes ampBuand demand points, however,
they often create inefficient and poorly organitertk schedules which may result in

long working hours for each truck and long waittmges at loading and unloading
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places. To improve log trucking efficiency, a numbkoptimal truck scheduling and

dispatching systems have been developed.

In New Zealand, Murphy (2003) developed a 0/1 iatdimear programming
truck route scheduling model and tested it in twelmm-sized New Zealand forest
companies. They found that truck fleet size codadduced by 25 to 50% in two
forest companies. Substantial cost savings weceiddsntified. Bixby and Lee (1998)
devised a branch-and-cut algorithm for solvinggeteinear programming (ILP)
formulations of the truck route scheduling probl@rhis program was performed on
14 real instances supplied by Texaco & Transpamainc. They found that the
optimal schedule produced significant cost savorghe company and greater job
satisfaction for drivers due to more balanced wsmfkedules. However, the
application of these ILP methods often fails fagkscale problems because

computation time dramatically increases with prabkze (Contreras et al. 2008).

Traditionally, several heuristic approaches havenlseveloped to solve larger
problems in reasonable time (Weintraub et al. 196 et al. 1998, Nanry and Barnes
2000, Lin et al. 2009). Although heuristic approasimay not always guarantee that
optimal solutions have been found, they have beerdcus of a large number of
researchers because of their high efficiency apdlaisity of problem solving

especially for large and complex problems.

Weintraub et al. (1996) developed an operativecamaputerized system, named

as ASICAM, based on heuristics rules to suppotiydaick scheduling decisions for
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the Chilean log transport sector. It could be useadny personal computer and ran for
about three minutes on a PC 486 for larger prohldinsy tested this program in eight
of the largest forest firms in Chile and found agg reductions of 31% in truck fleet

size and 13% in average working hours and operalticosts.

Andersson et al. (2008) developed the decision@tigystem, RuttOpt, which
was developed for scheduling logging trucks inftrest industry in Sweden. The
system was made up of a number of models. Thenfiostule was the Swedish road
database NVDB, which provided detailed road infdrareand computed distances
between locations. The second module was an ogimizprogram that was based on
linear programming and standard tabu search metfAtdsthird module was a
database storing all relevant information. Rutt@as tested in a number of case
studies in Sweden. They found that the system eamsbd to solve large case studies
and produced reductions of 30% for truck fleet siad 8% for the total distance

traveled.

Nanry and Barnes (2000) applied reactive tabu keslgorithms to solve the
pickup and delivery problem with time windows. Ilnst program, three different
methods to search neighborhoods were applied;espated insertion (SPI),
swapping pairs between routes (SBR), and withiterasertion (WRI). In order to
validate the effectiveness of this algorithm, tesults were compared with those

reported by previous studies that tested the saot#gm using different tabu
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algorithms. They found that this approach improtregisolution quality and efficiency

compared to previous studies.

Lin et al. (2008) applied simulated annealing h&ig$ to truck and trailer
routing problems and found that simulated anneairmpmpetitive with tabu search
in identifying optimal solutions. In addition, tiaégorithm was very efficient as it

takes less time to obtain the best or near-bestisns.

Contreras et al. (2008) applied the ant colonymjzition (ACO) metaheuristic
to efficiently solve large and complex forest tqamgation problems. The solutions
from the ACO algorithm were compared with thoseaoted from a commercially
available mixed-integer programming (MIP) solvelneTACO solutions were
competitive with the MIP solution, but the ACO alglom solved problems much

faster than the MIP solver.

Most of the past forest to mill truck schedulinglatispatching models were
developed for conventional log trucks and very &amples in the literature deal
with woody bioenergy transportation. One of the &vamples is by Eriksson and
Bjorheden (1989) who presented a linear programmmagdel for solving a fuelwood

transportation problem.
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1.2 RESEARCH OBJECTIVES

The ultimate objective of this study is to provitew knowledge which leads
to improvements in the economic feasibility of wsmoody biomass for energy

through reductions in transportation costs. Morecgfr objectives included:

» Determining the effects of road classes on trarigpon times and costs based
on transportation routes used to haul forest bigmathe western Oregon.

» Developing prediction models to estimate the tréweés including terminal
(loading and unloading) times from sources to cosige facilities for forest
biomass.

» Developing a computer model to estimate the tramapon productivity and
cost for woody biomass.

» Evaluating the effects of different truck configtioas, transported material
types, and travel route characteristics on trartapon costs.

» Developing an optimization model to solve a truckeduling problem for
transporting woody biomass in western Oregon.

* Reviewing collaborative transportation systemsucking industries.

» Describing the potential implementation of colladtore transportation

management in the woody biomass transportationsingu
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1.3 ORGANIZATION OF THISDISSERTATION

This dissertation is a comprehensive study of grontant transportation
operation in woody biomass supply chains, namedytthnsportation of woody
biomass residues from sawmills to energy faciliitesxport terminals. The overall
goals of the study were to improve the utilizatidrwoody biomass and enhance the

competitiveness of woody biomass as a source efnable energy.

The dissertation has been written in a manusanipbét and is composed of four
distinct manuscripts. Each manuscript is desigoextand alone, resulting in some
duplication of background information and resultise manuscripts are ordered in a
logical sequence that allows the reader to broadesting knowledge on woody
biomass transportation. Our improved knowledge Ehiead to increasing
transportation efficiency in the trucking indusémyd improving the utilization of
woody biomass for energy production. The followis@ synopsis of each chapter,

corresponding research questions, and significance.

Chapter 2 introduces the prediction models to edBrthe travel times including
terminal (loading and unloading) times from sourimesonversion facilities for forest
biomass and summarizes the effects of road classgansportation times and costs
based on transportation routes used to haul forestass from a range of sites in
western Oregon. The road class system is mainipetgin terms of radius of
curvature and road grade to explain the effectgedical and horizontal alignments in

the highway. The study is limited to chip vans &lfimg on off-forest roads.
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Chapter 3 describes the cost structures in woonipass transportation from
saw-mills to conversion facilities (energy or pudp)to export harbors in western
Oregon. The goals were to develop a computer modedtimate the transportation
productivity and cost for woody biomass and alseualuate the effects of different
truck configurations, transported material types] ttavel route characteristics on
transportation costs. The truck costing model shpubvide the user with useful
information for trucking companies that need actutaick cost information to

negotiate desirable rates and determine apprograisportation performances.

Chapter 4 introduces an optimization model to salehip truck scheduling
problem for transporting woody biomass in westeradgon. In this chapter, the
problem is limited to transporting by-products (@ihog fuel, sawdust, or shavings)
from saw-mills to conversion plants (energy or pulpharbors for export. A
simulated annealing approach is used to obtaim@btsolutions within reasonable
times. To test the quality of solutions, our alom was analyzed for several different
scenarios in a medium size scale problem whicludexd 40 mills, 20 plants, 75 loads
per day, 4 product types, 75 trucks, and 6 truaker configurations. A comparison

was also made for an actual 50-load schedule.

Chapter 5 reviews collaborative transportationeystin trucking industries and
introduces the benefits of CTM based on studieswiese external to and within
forest industries. This chapter also discussesthevieadership of the coalition can be

assumed, how participants in a coalition are sete@nd how to share cost savings
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between precipitants for the general establishrakatcollaborative transportation
coalition In addition, we describe the potentiaplementation of CTM in the woody

biomass transportation industry.

Chapter 6 is a concluding chapter that conceptursiggrates the results and
brief discussions of the four previous chapters, @escribes the potential
contributions made with this study. In additioristbhapter introduces current

research limitations found in our study and diseadarther research direction.
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2.1INTRODUCTION

Biomass energy has recently become an attractitegosel alternative to fossil
fuels in the United States due to high fossil wadts (Arola and Miyata 1980). The
use of biomass for energy generation could alstriborte to waste utilization and
pollution alleviation as well as energy conservatiBiomass has recently become the
single largest source of renewable energy by sampgydropower and now supplies

over 3% of the total energy consumed in the Untades (Perlack et al. 2005).

Forest residues, agricultural residues, and urkestenare considered to be huge
potential biomass resources for energy productidhe US. Forest harvesting and
mill residues, in particular, have received consabiée attention for energy production
due to the potential availability of large volunfesm fuel reduction thinning
operations and healthy forest restoration plans. arhount of forest biomass available
for bio-energy conversion was estimated to be 38i8mdry tons annually (Perlack
et al. 2005). In addition, when forest biomass sesiare combined with agricultural
biomass sources, it would be possible for biomassipport 30% of the energy
provided by fossil fuel (Perlack et al. 2005). Hoe biomass utilization is not as
economically attractive as fossil fuel; high cast®iomass collecting, processing, and
transporting to energy conversion facilities cutiepresents an economic barrier to
utilization of forest biomass for energy producti®ummer (2008) comments that it
would require substantial government subsidiebiomass to become a viable

alternative. Finding the best ways to lower bion@ssgluction costs has become an



23

economically critical issue to expand biomassadtion to partially replace fossil

fuels.

The U.S. Departments of Energy (DOE) and Agrice@lt{iiSDA) have
recommended that higher biomass production costisl & partially offset by lower
wildfire fighting costs. Wildfire costs could beskened by reducing fuel sources

through biomass harvesting (Perlack et al. 2005).

Given that the high cost barriers of collecting anocessing the biomass can be
overcome transport costs will also need to be adeéek Transporting wood raw
materials from the sources to the conversion taslis the largest single component
of production costs for many suppliers around tloeldv McDonald et al. (2001)
reported that transport costs represent aboubhétie delivered cost of wood raw
materials in the southern USA. Pan et al. (2008]}istl the production cost of small-
diameter (less than 5 inches) trees for energyy Tégorted the transportation cost
represented 47 percent of the total cost and fdunds the largest component of the
total system costs. Especially in low value matesiach as forest biomass,
transportation costs are the critical componeteteconomically managed to reduce
the total production costs. Ronnqvist et al (1988 that research on transportation
systems is also relevant to the economics of bexggnproduction. They suggested
small increases in efficiency of transporting wowoagterial from sources to energy

plants could significantly reduce the overall protilon costs.

Chip vans are the most cost efficient method fangporting forest biomass
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around the world (Rawlings et al. 2004). Chip vassally need some specific forms
such as solid panels to prevent the loss of sma@didy particles and the possum belly
in the underneath of the trailer to increase themtal payload of trailers (Angus-
Hankin et al. 1995). However, these advantageomsvem configurations often cause
limited accessibility on the forest roads becabgg have greater off-tracking, lower
clearance, and higher center of gravity comparamtwentional log trucks. For these
reasons, chip vans may have different transportagquirements, such as road
designs and travel routes, and performance measw@s as travel speeds and

payloads.

The effect of road design on transportation coasslbng been recognized
(Matthews 1942, Byrne et al. 1960, Groves et a8.7)9Transportation costs per unit
distance are mainly influenced by the travel sp&ed.example, if travel speed
increases, costs per unit distance will decrease/el speed on a particular road
segment is determined by several road factors asi¢torizontal and vertical
alignments, road widths, surfacing characterisdingd other road properties. Load size
and truck characteristics will also influence traesel speed but, within an optimum
range of load sizes, the influence would be sn@byes et al 1987). Several forest
transportation studies have examined the relatipristween travel times and road
classes and also developed models to predict tragkl times and transportation
costs based on road classes (Byrne et al. 196@e&#d al. 1987, Moll and Copstead
1996). Byrne et al. (1960) quantified the effedtsoad design variables such as grade,

alignment, road width, and surfacing on haulingdoiativity and costs from US
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forests. Groves et al. (1987) developed prediatimaels to estimate truck travel
times and transportation costs using eleven roagsebk based on road functions and
conditions in Tasmania, Australia. They found tlbatled and unloaded travel times
were strongly related to their road classesXR5%). However, most of the past
investigations were related to conventional loghksu The literature lacks information
about the effects of road classes on transportatsts for chip vans to carry woody

biomass from sources to conversion facilities.

This study was performed to identify the effectsa#d classes on transportation
times and costs based on transportation routestadeall forest biomass in western
Oregon. The specific objectives were to define rdadses which reflect the
performance of chip vans and develop predictionet®tb estimate the travel times
including terminal (loading and unloading) timesnr sources to conversion facilities
for forest biomass. The study was limited to crapwtravelling on off-forest roads.
Our improved knowledge should lead to better mamegyé of trucking fleets,
improved road design and reduced transportatiots ¢osmprove the utilization of

wood raw materials for energy production.
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2.2STUDY METHODS

2.2.1 Data collection

2.2.1.1 Transportation data

Transportation data used in this study was obtdireed Terrain Tamers (TT)
which is a trucking company located in Dillard, OFhe company has been involved
in hauling logs and lumber as well as chips arowadtern Oregon and southwestern
Washington, but now is primarily focusing on chguhng. They use approximately
70 trucks in their operation and most of their krfleet consists of 3 axle double vans
(load capacity: 105,500 lbs, total trailer lendil:ft) and 4 axle vans (load capacity:
102,500 Ibs, total trailer length: 53 ft). Traveltes are based on Oregon
Transportation Route Map #7 provided by Oregon Eepent of Transportation
(ODOT). Map #7 represents allowable truck lengitsights and heights for each
road in Oregon. Terrain Tamers requires its drivenmgcord performance information
for each trip. Trip information included pick-updadrop sites, travel times, loading
and unloading times, and down time. The travelnmfation was organized and stored

in TT's computer system.

For this study, data relating to all of the loadi®ols occurring between May
2007 and May 2008 were provided by TT. During thesiod, the company
transported a range of raw materials such as halgdhips, shavings, or saw dust
from the mills or lumber companies to energy oppednversion facilities or ocean

export terminals in western Oregon and southernhiigion. No hog fuel or chips
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were delivered into energy plants from harvestibtess

A total of 107 transportation routes were utiliz€drrain Tamers provided travel
data in the form of sources (pick-up site), finaheersion facilities (drop site),
transported materials, number of trips, averageetrame, average loading time and
average unloading times for each of these 107 sotriormation on the type of
loading system at the pick-up site and unloadirgjesy at the drop-off site was not
available. Nor was information available on waittirge due to queuing at the loading
and unloading sites. Loading and unloading timeewserted by types of wood raw
materials. Weighted average loading and unloadimgs were calculated based on the

number of trip records.

2.2.1.2 Road geometry data

Road geometry data were obtained from ODOT. Farghidy, ODOT provided
two GIS shape files, a horizontal curve shapediild a vertical curve shape file, for
all highways based on Oregon Transportation Rouwdp ¥V. In both shape files, each
road was divided into segments which ranged fram 110 miles according to
ODOT's survey points. However, segment lengthstwh road differed between the
two shape files due to different survey proceddmesiorizontal versus vertical curves.
The vertical curve shape file provided the begignmmlepoint of each curve, the
curve type, and the percent grade for each segmathorizontal curve shape file

included length of the curve, degree of the cumetiotal curve angles as well as
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beginning and ending milepoints for each curve v€uadii were calculated using the

horizontal curve information.

Difficulties for further analysis arose due to difént length of segments
between the two shape files. To combine both \aréind horizontal information
based on the same segment length, attributes M@ shape file were transformed
into Excel spreadsheets. Visual Basic programmrigpicel allowed the combining of
both vertical and horizontal information into a nEwcel file based on same segment
length. Analysis was limited to roads travelledTdychip vans in western Oregon
and southwestern Washington. This road geomegyvihich contained 30,243

segments, was used to evaluate the road clasadbrread segment.

2.2.2 Road classification system

A combination of specific road characteristics,cfevehicle characteristics,
specific driver characteristics, specific weathenditions, and specific traffic
conditions might be expected to affect truck perfance. However, trying to take into
account all of the potential variables could lead tvery complex prediction model
that in practice has large errors associated wahd performs poorly (Groves et al.
1987). A simple road classification system, whiatlides explicitly defined road
variables, may better explain the truck performaanue produce more accurate
prediction models for truck travel time. Therefooaly road design parameters were

used in our road classification system and theceffef truck, driver, traffic and



29

weather characteristics were ignored. The roaditieation system was mainly
defined in terms of radius of curvature and roaatigrto explain the effects of vertical
and horizontal alignments in the highway (Table.ZThese parameters are implicitly

efficient to investigate limited travel routes fong trailers such as chip vans.

Table 2.1 Road classification system

Radius of curvature

Road
grade Straight Rolling Mountainous Sharp
(> 1000 ft) (700 — 1000 ft) (300-700ft) (<300 ft)
Sy @ @) 3) (4)
osw O ® ) ®
Highway Good
0 3w O (10) (11) (12)
oy 13 (14) (15) (16)
Urban road an
Freeway (18)

* (1) to (18) refer to classes of road for thisdstu

In the road classification system used, the radiuwsirvature in the road
segments was divided into four different classes/€él, Rolling, Mountainous, and
Sharp curves) following the guidelines for highvegggometric design provided by
American Association of State Highway and Transgarh Officials (AASHTO)
(AASHTO 2004). The division of road grade (SteepiyFGood, and Downhill) was

derived from the truck performance models repobg®ouglas et al. (1990). Two
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additional road classes, urban and freeway, weallechtb give a potential total of 18
different classes in this road classification sys{@able 2.1). However, some of these
classes did not occur in this study. The segmergthes of each road class were
summed to give a single value for each road classdch of the 107 routes (Table 2.2

and Appendix).

2.2.3 Data analysis

Data analysis was performed using Statistical Asial$gystem (SAS) (SAS
Institute Inc. 2001) and Statistical Package fer $tocial Sciences (SPSS) (SPSS Inc.
1998). Multiple regression analyses using ordineagt squares estimators were used
to develop the prediction models that estimatertdneel times as well as loading and
unloading times. The prediction model for travelés was based on travel distance
(miles) for each road classes. Prediction modelfofding and unloading times were
developed based on the type of material transpdéhteg fuel, chip, shavings, and
sawdust) and the configuration of trailers usedglgi and double). In all of the
prediction models, normality tests, residual platsg Durbin-Watson test were used
to determine violations of the Gauss-Markov assionptand a forward selection
method was used to search for a suitable subsetpddnatory variables. To validate
the developed regression models, 15 percent aflikerved data were randomly
selected as reserved data and prediction modetdaped from 85 percent of the

observed data were used to predict times for therved data. A Chi-square test was
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Table 2.2 Length (in mile) and classification cadosegments along 107 routes from sawmills to gnaemts in the western
Oregon

Road classes (Miles) Total Travel
distance| time
1 2 3 4 5 6 7 8 9 10 11 12 13 14 16 16 1y 1B (Miles) (Min.)
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 a 9.9 129 138(9 158
2 1.9 0.7 1.4 0 1.9 0.3 0.5 0.1 22.8 412 27 0.6 .318 21 25 0.6 13.6 42.7 116.5 168
3 0.2 0 0 0 0.7 0.1 0 0 41 0.1 a q 6.2 01 0 01 3 9 152 172.6 226
4 0.7 0.3 0.1 0 4.5 0.6 0.1 0 27.7 417 217 Q.2 27.32.5 1.6 0 22.3 8.4 104.2 143
5 0 0 0 0 0.2 0 0 0 2.6 0 0 0 0.1 q q 4.9 113 420 132
6 0 0 0 0 1.0 0 0 0 20.3 0 0 0 8.4 ( D 14(8 108 52.6 208
7 0.3 0 0 0 0.8 0 0 0 12.0] 0.2 0.1 @ 154 0.1 0 0 891| 283 76.1 122
8 0.7 0.3 0.1 0 45 0.6 0.7 0 277 417 2l7 Q.2 27.32.5 1.6 0 12.7 0 86.2 121
9 0.4 0.1 0.1 0 3.3 1.1 0.8 0 30.3 [t 10 0.1 205 5 B 1.0 0 10.8 13.9 87.1 109
10 0.5 0.2 0.1 0 4.0 0.5 0.4 0 28.0 5(7 37 0.1 326 19 15 0 11.6 2.3 87.4 118
11 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 (0 138 30(7 445 1 6
12 0.7 0.3 0.1 0 3.6 0.4 0.7 0 25.9 47 27 02 72% 23 15 0 14.8 8.4 92.2 157
13 0.7 0.3 0.1 0 4.0 0.6 0.1 0 27.1 4(6 27 0.2 227. 22 1.6 0 6.9 0 78.6 90
14 0 0 0 0 04 0 0 0 74 0 0 0 6.3 d D 8.6 20.1 284 60
15 0 0 0 0 0.2 0 0 0 8.1 0 0 0 3.2 ( D 5.9 135 093 45
16 0 0 0 0 04 0 0 0 74 0 0 0 6.3 d D 131 44 153 60
17 0.8 0.2 0 0 29 0 0.1 0 374 15 0|4 D 27.6 D.90.5 0 15.8 153.3 241.4 284
18 0.7 0.3 0.1 0 4.0 0.6 0.7 0 26.9 47 27 0.2 826. 25 16 0 20.4 82 174.2 233
107 | 438 0.3 0.3 0.1 7.5 0.4 0.6 0B 4417 47 236 0. 471 3.8 44 18 18.2 0 142.1 175
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used to evaluate the differences between obsene@radicted travel times. In our
data analysis, both the acceptable error level fE3pand the significance level were

setto 5% ¢ = 0.05).

2.3 RESULTSAND DISCUSSION

2.3.1 Transportation times

2.3.1.1 Travel times

The transportation data provided by Terrain Taroefg included information
related to loaded trips; unloaded trips were nobreéed. During the study period a
total of 21,945 trips were made using 107 routeshEoute was repeatedly traveled
in the range from 5 to 3893 trips. A total of 64Isor lumber companies were
identified as sources of wood raw materials. Tivese located in western Oregon.
The materials were transported to 31 energy or chipversion facilities near the 1-5
freeway or to ocean terminals on the Oregon Cd¥hkile most of the hog fuel,
shaving, and sawdust were hauled to energy plele, chips were transported to the

ocean terminals for export to Japan or to pulpamill

For the 107 identified routes, total one-way tradistances ranged from 8.2 to
244 miles, with the average travel distance beBgdles. Average travel times varied
from 1.39 to 1.83 minutes per mile (43.2 to 32.Temper hour). These times are

comparable with those from past studies. Fei §R808) reported that the average
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loaded travel speed was 44.14 miles per hour sodane state highway located in
Arizona. Groves et al. (1987) found slightly lovieavel speeds (40.1 to 27.2 miles
per hour) compared to our study. However, theidgtuas related to the transport of
sawlogs from forest landings to sawmills. Thusttla@erage travel speed was

determined by on-forest roads as well as on-highhwagyls.

Transportation times were strongly correlated wiglvel distancerf = 0.89).
As shown in Table 2.2, however, travel times fonikr distances, but over different
routes, varied by up to 33%. The differences betwesvel times could be explained
by several road alignment variables such as roadegradius of curvature, and
number of curves in the travel route. Of the 1G#edent routes, most did not include
road classes with sharp curves. Only 16 routesided all 18 road classes. About half
of the total traveled distance was found in roa$£l18 (freeway), the average travel
distance of this road class being 48.9 miles gepaThe combination of road class 9
(straight segments with good grade), road classtt&ight segments with downhill
grade), road class 17 (urban road), and road t&¢seeway) accounted for 92
percent of the total travel distance. Therefore,high proportions of these classes in
each route would greatly affect overall travel tiamel these classes could be
considered to be the main explanatory variablgsediction models for estimating

total travel times.
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2.3.1.2 Loading and unloading times

Loading and unloading times generally depend uperloading and unloading
systems, the transported materials, the size ibdisaand the waiting times to load or
unload. In this study, loading times started witiieging the mill or lumber company’s
yard and ended with weight scaling of the chip atiar loading the wood raw
materials. Unloading times at the conversion faesdior ocean terminal included
similar activities as those for loading time. THere, both loading and unloading
times included some waiting times for loading oloaxling as well as actual loading

or unloading times.

Average loading and unloading times were summatizsed on the type of
material transported and the trailer size (Tabl8sad 2.4). Hog fuel has significantly
shorter average loading and unloading times therahaterialsg < 0.05). The
shorter loading and unloading times could be erpldiby the characteristics of the
material being handled (particle size, bulk denaitgl water content). Hog fuel has
bigger particle size and lower bulk density comddrethe other materials. In
addition, hog fuel is generally wet - substantiatlyexcess of 50 percent by weight
(Angus-Hankin et al. 1995). Compared with otherarats, smaller volumes of hog
fuel would need to be loaded and unloaded intcséme size of trailer and, therefore,

times could be expected to be shorter.
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Table 2.3 Loading and unloading times by transplomeaterials

Hogfuel Chips Shavings Sawdust

Mean + Standard deviation p-value

(minutes)
Loading time 30.5+10.8a39.9+11.6b 40.3+168b 43.3x106Db 0.036

Unloading time 32.0+6.0a 456+153b 495#1y 52.1+150Db 0.047

" Materials with the same letter do not have sigaifity different loading times or
unloading times.

Table 2.4 Loading and unloading times by size aifdrs

Single trailer Double trailer
Mean * Standard deviation p-value
(minutes)
Loading time 21.6+39a 38.8+16.6 b 0.054
Unloading time 31.0+14.7a 48.3+4.3Db 0.047

" Trailer configurations with the same letter do have significantly different loading
times or unloading times.

The hauling company assigned single or doublestisatio mills or lumber
companies according to their specific loading systetravel route available for each
truck configuration, and volume of transported mats. In this study, there was a
significant difference in loading and unloading @ésramong the trailer sizes (Table
2.4). Single trailers had the shortest averagehgaahd unloading time compared to
double trailers§>0.05). The primary difference in loading and unliog times
between single and double trailers is due to theme and potential load capacity of

trailer. Double trailers used in this study werk @nger in total trailer length and had



36

3000 Ibs more load capacity than single trailesweler, the time differences
between two trailer sizes were considerably latigen the volume differences of
trailers. Time differences could also be explaihgdeveral other factors such as
waiting times and systems employed to load andadhlalthough these factors were
not surveyed in this study. In loading systems, tmbthe wood raw materials were
conventionally loaded into enclosed trailers frdra top by short conveyor, hopper or
loading equipment such as a bucket loader in thensidls or lumber companies.
Loading by stationary hoppers was commonly useargér facilities while short
conveyors and bucket loaders were used in relgtsrill facilities. A representative
from the hauling company in this study also comreérhat the hopper loading
system was much faster and more convenient inngdtiian the other systems
because it does not require any other additionaipasent and is available for loading
by the truck drivers. The effects of loading antbading techniques on loading and
unloading times have also been recognized by Amtargkin et al. (1995). They
suggested that systems which use end dumpingileisrare very time efficient for
unloading but these are usually used at largelitfasi They also suggest that self-
unloading systems, such as those which incorparatalking floor or live floor

within the trailer, could be most cost effective tmloading at small facilities; they do
not need additional equipment and can also rechewvaiting time to unload at the
destination because they can unload transporteerialatwithin any area of the
storage yard. However, self-unloading vansrases expensive and heavier than regular

chip vans because of the installed additional egaigtfor self-unloading. In addition,
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these vans have lower load capacity than possumdiep vans because walking or
live floor trailers can only be operated on flattbm trailers. Heavier weight and
lower load capacity of live floor trailers may keflected in the delivery price for

routes having long travel distances.

2.3.2 Prediction models

2.3.2.1Travel times

A prediction model was developed to estimate theel times based on the
road classes. It would also allow the investigabbthe effects of road class on
transporting of woody biomass. This information \ble useful firstly, to hauling
contractors deciding which routes to use for cldpssand secondly as the basis for the
development of optimal truck scheduling systems ¢bald lead to reduced

transportation costs.

In this study, the distance on various road clapsstgiively affected the travel
time. Only four specific road classes (road clagsds3, 17 and 18) were initially
selected as significant variablgs(.05) to predict the travel times. However, the
initial prediction model did not fit logically. Faxample, the model would predict
exactly the same travel time for a route that idellisolely 50 miles of road class 18
(freeway) as it would for a route that includedr2iies of road class 10 (good grade,

700 to 1000 ft radius of curvature) as well as3@eniles of freeway. Therefore,
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road classes excluded from the previous model es@meined as ‘other classes’ to
account for the entire road classes and then adtiedew prediction models. The
final prediction model was developed with five radasses that have significgnt
values p<0.05) and the adjusted R-square was improved%o @able 2.5). The
regression coefficients suggested that given theegdistance, the distance of urban
roads (class 17) had the greatest effect on ttaxel while the influence of distance
in other road classes was somewhat less. The poediaodel implied that travel
times might be reduced by selecting routes havmogtsirban road distances. A

shorter travel time could also be achieved by traganore on freeways.

Table 2.5 Prediction model to estimate travel times

Prediction Travel distance (miles) Variable range Mean 2 2 Validation
models in each class (miles) (miles) p-valué’
Travel =5.575 0.97 93 0.54
times +1.204 (Class 9 0t048.3  16.64
(minutes)

+1.387 (Class 1B Oto47.1  14.75

+2.017 (Class Ty 1.3to0 27.6 11.31

+1.168 (Class 18 0t0233.7 48.14

+ 0.944 (Other class9s 0to 32.1 8.08

&85 percent of the total observed data that weeel in developing of prediction
models.

b p-value provided by Chi-squared test between prediand observed travel times.

“Road class 9: Straight road segments with goodegratiroad in miles.

9Road class 13: Straight road segments with dowghaliies of road in miles.

®Road class 17: Urban road in miles.

"Road class 18: Freeway in miles.

90ther road classes without road class 9, 13, 17 18rin miles.

All variables included in the equations have sigaifitp-value less than 0.05.
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From the prediction model, average travel speedsgmer hour) for different

road classes was estimated (Table 2.6). Averageltspeed was lowest in the urban

road class (29.7 miles per hour). This value is&lypcomparable with the speed limit

(35 miles/hr) on urban roads. However, the highesel speeds were found in the

“other road classes” which include several clagg#dsrolling and mountainous

curves with adverse road grade. It is not logikat these road classes would have the

highest travel speed associated with them. Thosnaty may be due to a small

sample size for these road classes and high \@ariasisociated with them. Analyses

showed that correlation between road classes wal. gfmcluding the “other road

classes”, freeway (class 18) travel was slightgdathan highway travel (class 9 and

13) and downhill travel (class 13) on highway wgttod alignment showed slower

travel speed compared to the travel on good roadegfclass 9).

Table 2.6 Average travel speeds (miles/hour) fiiedint road classes

Road classes

Class 9 Class13 Class19 Class 18

Othef

Average Travel

Speed (miles/hr) 49.8 43.3 29.7 51.4

63.6

®Road class 9: Straight road segments with goodegratiroad.
PRoad class 13: Straight road segments with dowgtalles of road.
“Road class 17: Urban road.

9Road class 18: Freeway.

®Other road classes without road class 9, 13, 1¥18n
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2.3.2.2 Loading and unloading times

Loading and unloading times are affected by b@hgported materials and
trailer size. In our regression equations bothaldes were assigned as dummy
variables to represent the subgroup of the sangpldsll variables significantly (p <
0.05) influenced loading and unloading times (T&bhl®. From the analysis of
dummy variables, we found that the loading and ailog times for double trailer
units transporting hog fuel was significantly lowky 10.62 minutes and 23.09
minutes respectively, than units transporting satidsingle trailer units transporting
hogfuel had predicted loading and unloading tinmes were 24.78 and 43.93 minutes
lower, respectively. The effects of trailer sizer&enore obvious than those of
transportation materials in unloading times. Theetdifference between single and
double trailer unloading times was 20.8 minutes THnge difference may be
explained by unloading systems. Single trailerssaraetimes unloaded by an end

dumping system but this would be more difficult émuble trailers.

Our prediction models indicated that the indepehganables (transported
materials and trailer size) explained only 27 aBg8rcent of the variation in loading
and unloading times, respectively. R-square valuesgression models are often used
as one of the good indicators for the effectiverséggediction equations. However,
this value does not necessarily indicate the lmpsateon to predict the dependent
variable (Kozak and Kozak 2003). Therefore, valateg of prediction models are

often performed to ascertain their adequacy.
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Table 2.7 Prediction models to estimate the loadmdjunloading times

Prediction Transported materials and trailer 2 Validation
models sizes p-valué
Loading times =44.25 0.27 93 <0.01
(minutes) —10.62 (Hogfu€)

—3.26 (Chif)

—1.97 (Shaving
—14.16 (Single trail&r

Unloading times =55.11 0.32 93 <0.01
(minutes) — 23.09 (Hogfuel)
— 7.86 (Chip)

— 1.94 (Shaving)
—20.84 (Single trailer)

85 percent of the total observed data that weeel in developing of prediction
models.

b p-value provided by Chi-squared test between prediand observed travel times.

“Dummy variables for transported materials (Hogféland others = 0).

dDummy variables for transported materials (Chipand others = 0).

°Dummy variables for transported materials (Shawvirigand others = 0). Therefore,
saw dust was represented by hogfuel, chip, andraipav0.

"Dummy variables for trailer size (Single trailef.zand double trailer = 0).

2.3.3 Validation of prediction models
2.3.3.1 Travel times

The prediction model for travel times was verifledcomparing actual and
predicted travel times on 16 reserved routes (Ei@ut). The model validation
procedures showed that the differences betweeactii@al and predicted travel times
were insignificant f>0.05, Table 2.5), that means the developed reigresguation

provides good predictors for the travel times. gxkdicted travel times were within 8
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The percent differences were calculated according t

Predicted — Observed
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Figure 2.1 Relationship between actual and prediictevel times for chip vans

The average percent difference between actual eettigped travel times was

only 6 percent. Therefore, it was concluded theligteon model was valid and could

be used to accurately predict travel times for ef@ips in western Oregon and

southwestern Washington. However, because our nweaebeveloped based on
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vertical and horizontal alignments of roads, itldgoossibly be applied to predict
travel times for chip van in other regions; assughmat other factors such as weather

conditions, traffic conditions, and legal payload=se similar.

2.3.3.2 Loading and unloading times

The differences between actual and predicted hggalind unloading times

were calculated to verify the developed regressgumtions (Table 2.8 and 2.9).

Table 2.8 Predicted and actual loading times foloa€ls reserved for model

validation.
Loadllng Times Difference
Routes (minutes)
Actual Predicted Minutes Percent (%)

1 29 41 12.0 41.3
2 24 32 7.8 32.3
3 22 40 18.4 83.6
4 39 34 -54 -13.8
5 55 34 -21.4 -38.9
6 45 41 -4.0 -8.9
7 37 39 2.1 5.7
8 40 39 -0.9 -2.2
9 30 40 10.4 34.7
10 18 19 15 8.2
11 27 40 13.4 49.6
12 52 42 -9.7 -18.7
13 23 19 -3.5 -15.3
14 30 42 12.3 40.9
15 37 34 -34 9.1
16 25 34 8.6 34.5
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Differences were significantly different for bottelding and unloading times
for wood raw materials (p<0.05). In loading timiee average time difference between
actual and predicted times was 8 minutes, rangmm 0.9 to 18.4 minutes (Table
2.8). In unloading times, the difference betweemn@and predicted times was much
larger than found for loading times. Average timé gercent differences were 16

minutes and 32 percent, respectively (Table 2.9).

Table 2.9 Predicted and actual unloading timed @oloads reserved for model

validation.
Unloac_jlng Times Difference
Routes (minutes)
Actual Predicted Minutes Percent (%)

1 24 47 23.3 96.9

2 55 31 -23.9 -43.5

3 45 52 7.2 16.1

4 38 32 -6.0 -15.7

5 28 32 4.0 14.4

6 54 47 -6.8 -12.5

7 46 46 0.3 0.7

8 57 46 -10.7 -18.8
9 38 52 14.2 37.4
10 19 11 -7.8 -41.2
11 39 52 13.2 33.9
12 79 53 -25.8 -32.7
13 34 11 -22.8 -67.1
14 135 53 -81.8 -60.6
15 35 32 -3.0 -8.5

16 38 32 -6.0 -15.7
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In model validation, the prediction models produbegh errors in loading and
unloading times. As noted earlier, these predistioould possibly be improved by
adding other factors such as waiting times andyipes of loading and unloading
systems. Currently, although the differences betvasual and predicted times were
statistically significant, our prediction modelsubd be potentially applied to predict
loading and unloading times in the western Oreg@gmon because our data collection
was carried out for many of the conversion fa@ftand lumber companies in western
Oregon. However, applying our prediction modelstimer regions should be done
with caution because other regions would likelyéndifferent species, water contents

and material bulk densities compared with this ytud

2.4 CONCLUSIONS

High transportation costs from material sourcesrtergy facilities have been
identified as one of the economic barriers in inwprg the utilization of forest
biomass for energy production. Therefore, a welhagged transportation system could

greatly reduce overall forest biomass producticstcas well as transportation costs.

This study developed a road classification systaohprediction models to
estimate travel times and loading and unloadin@sifior transporting wood raw
materials in western Oregon and southwestern Wgsdninin observed travel data,
travel times were strongly influenced by travekaice and average travel time per

mile was 1.52 minutes. Our prediction model formeating travel times was
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developed based on travel distance over variousclagses and was ascertained as a
good predictor for travel time through a validatimocedure. The prediction model
suggests that selecting the routes with shortearurbad distances and longer freeway

distances would strongly reduce the travel times.

Loading and unloading times were predicted usiaggported materials and
trailer size. Prediction models indicated that lagcand unloading times of hog fuel
and single trailers were significantly shorter thlaose of other materials and double
trailers, respectively. However, the prediction misdproduced high, and statistically
significant, errors in model validations. To impeathe accuracy of the loading and
unloading models, several potential factors affectoading and unloading activities

were identified.

We recognize that there are a number of limitatessociated with this work.
Firstly, we did not examine the effect of road afigent on travel time for forest roads
since particular configurations of chip vans oftiemt access onto forest roads. Our
study should be extended to include chip van conditjons that can operate on forest
roads as well as highways. Secondly, our traved dat not include unloaded trips.
Although differences in travel speeds between |dade unloaded trucks carrying
forest materials may be less than 10% (Jackson; B288oyer 2010 personal
communication) further work is needed on this topiairdly our prediction models
may not be relevant to the transport of wood ravenms in other regions which may

have different material characteristics (such &gigs, water contents and bulk
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density) as well as different weather conditiond aaffic conditions.

Despite these limitations this research does peoaiimproved understanding
of the factors affecting transport times for onHvigwy chip vans in western Oregon
and southwestern Washington. This improved unaedétg should lead to improved

management, and potentially lower costs for trartsgfdorest biomass materials.
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3.1INTRODUCTION

The use of renewable energy has been steadilydemesi and widely expounded
as a solution to the challenges of global energursty and climate change. For
instance, U. S. President Obama has commentectti@wable energy could supply
10% of the nation's electricity by 2012, rising2&6 by 2025 (Obama and Biden
2009). Hydroelectricity, wind power, solar poweepthermal power, and biomass are
considered as current renewable energy sourceger@@lyr biomass including wood
and agricultural residues is the second largestsaf renewable energy used to
generate electricity or produce heat in U.S (P&ri&al. 2005). In particular, the use
of woody biomass has great potential to produceggmiea Pacific Northwest, USA
due to a sustainable supply chain of energy soukt@sever, high production and
transportation costs, compared to relatively lowkatavalues, hinder the utilization of
woody biomass. Therefore, identifying or developiogt effective production and
transportation systems has become an economicélbatissue to expand biomass

utilization.

Transportation cost in the traditional wood supgigin has been identified as
the single largest component of total productioste@rom seedling to mill.
McDonald et al. (2001) reported that transport £astcounted for about half of the
delivered cost of wood raw materials in the soutig®A. Ronnqvist et al (1998)
suggested that small increases in efficiency afsgpparting from sources to conversion

plants in Sweden could significantly reduce therallgporoduction costs. Several



52

studies have also found similar cost structurgéeenvoody biomass supply chain. For
example, Pan et al. (2008) studied the productomt of small-diameter (less than 5
inches) trees for energy. They reported the tramapon cost represented 47 percent

of the total cost and found them to be the largesiponent of the total system costs.

Transportation costs generally vary with particifarel circumstances
including hauling distance, truck configurationsad conditions, transported materials,
truck utilization, and road regulations. Traveltdixe is the dominant variable
determining transportation costs. Scion (2009) tified that longer hauling distances
will result in direct increases in transportatiasts. Scion (2009) also noted that, as
high as 60 percent of the delivered costs, carlated to transportation when hauling
distances are over 100 miles. Road conditions asafertical and horizontal
alignments and surface conditions also highly ierfice transportation costs. Generally,
forest roads have poorer road surface, more shaves and steeper gradients than
state highways. These factors can significantlycedravel speed of trucks and
consequently increase transportation costs. R@asification systems based on road
function and condition have been used to descabd segments. Groves et al. (1987)
found that travel speeds were strongly relatewaal class (R> 95%) and travel
routes having road classes with poor vertical amizbntal alignments have lower
travel speeds and higher hauling costs. The typeabérial transported can also affect
travel speed and transportation costs. Differepesyof woody biomass have different
bulk densities and different moisture contents Wwiuan affect the maximum payload

carried. Talbot and Suadicani (2006) reported lthatbulk density and high moisture
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contents can decrease energy densities per loacoasdquently increase
transportation costs. Therefore, maximizing paysoaer trip through denser loads and
lower moisture contents are fundamental to gettiegmost cost efficient transport of

woody biomass materials.

Understanding of transportation cost structureughosimulations of cost
models can help identify possibilities for efficangains that may lead to increased
profits or decreased costs (Casavant, 1993). kicphar, a productivity and costing
model would enable the user to determine and coartparcosts of various hauling
options, such as when transporting woody biomamss & harvesting site or mill to an
energy conversion plant. A number of truck costimagels have been developed both
within and outside of the forest industry over i sixty or seventy years. Mathews
(1942) described one of the earliest hand-caladixteck rate models for the forest
industry. Taylor (1988) described a spreadsheetébtasick costing model
(TRUCKAAI) that was developed by the New Zealandjgimg Industry Research
Association. In Canada, the Forest Engineering &ebdnstitute of Canada (FERIC)
developed a computer model to determine the casaon$porting raw forest products
from the stump to the mill in Alberta, CA (Blair 29). The program allows the user to
specify a haul fleet and haul route, and then amallge costs of the specified haul
system. Trimac Consulting Services also createmhgaterized activity based model
for commercial grain trucking in Western CanadanGic Logistics Ltd., 2001). In the
USA, Berwick and Dooley (1997) developed a spreadskimulation model to

estimate truck costs for different truck configimas, trailer types, and trip
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movements. The effects of different variables daltwucking costs were examined in
their sensitivity analysis. In the Pacific Northwedy Fuel Treatment Planner
(MyFTP) was created by the USDA Forest Services Timodel mainly estimated the
production and hauling costs associated with fdredtreduction treatments but also

included potential revenues from these treatments.

These past transportation cost models are limitedeir applicability to
different regions or countries for a number of cews First, travel times were often
simply estimated based on payload and either oneeweound-trip distance without
the consideration of road characteristics and tjesliThey sometimes ignore the fact
that, for the same travel distance, different roalditions and alignments may create
different travel times and produce different traorsgtion costs. Groves et al. (1987)
identified that if travel times are predicted bawviel distance only, in spite of different
road conditions and alignments, the prediction rhode produce substantial errors of
up to 20% between actual and predicted times. Bhggested, therefore, that a road
classification system that is applicable to roaugadnere within the region of interest

would be needed to improve the accuracy of trucklpetivity models.

In addition, most of the past cost models were ezl for conventional log
transportation in the forestry sector. Transporbhwoody biomass is generally
carried out by chip vans having solid panels (coets) to prevent the loss of small
woody particles and a “possum belly” in the bottohthe trailer to increase the

potential payload of trailers (Angus-Hankin etZ95). These specific configurations



55

of chip vans often produce limited accessibilityforest roads and the selection of
different travel routes compared to conventiongltloicks. In addition, chip vans
generally have relatively lighter payload per walume than conventional log trucks.
Therefore, these specific transportation perforrearat chip vans may produce

different cost structure compared to those of corsraklog trucks.

This study was conducted to understand the casttates in woody biomass
transportation from saw-mills to conversion fa@@kt (energy or pulp) or to export
harbors in western Oregon. The primary objectividhis study were to develop a
computer model to estimate the transportation prtivty and cost for woody
biomass and also to evaluate the effects of diftereck configurations, transported
material types, and travel route characteristicamsportation costs. Our developed
truck costing model may provide useful informatfontrucking companies that need
accurate truck cost information to negotiate désgraates and determine the
appropriate transportation performances. Furthegmorproved knowledge in woody
biomass transportation would be helpful for incheggransportation efficiency in the
trucking industry and improving the utilization wbody biomass for energy

production.

3.2STUDY METHODS

A spreadsheet based truck productivity and costeiimr woody biomass

transportation was developed using Microsoft EXEee model is referred to as
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BIOTRANS (Biomass Transportation model). In BIOTR8Nruck productivity and
cost are determined for truck and trailer typesyior(saw-mill) and destination
(plants or harbor) points in each trip, and tramsgzbwoody material types that have

been selected by the user.

3.2.1 Data

Data used to build BIOTRANS came from a varietgodirces including
interviews with a trucking company and co-operatiotih Oregon Department of
Transportation (ODOT). Basic costing informatiofated to chip van trucks was
collected from Terrain Tamers (TT) located in DitlaOregon. It should be noted,
however, that the costing portion of BIOTRANS waveloped independently of TT
and may, or may not, reflect TT's actual costs.algo provided much of the travel

time data. Travel route maps and road geometrywata provided by ODOT.

3.2.1.1 Cost information

Detailed cost information was collected throughrdaarview with a senior
transport manager from Terrain Tamers, a truckomgmany handling over 20,000
loads of woody biomass material per year. Trangpiort costs are generally divided
into fixed and variable cost components. In trangtion cost analysis, fixed costs are

incurred whether the truck is working or not, anel assumed to be affected by output



57

Table 3.1 Input cost information for different tkuand trailer configurations modeled
in BIOTRANS.

3 axle truck 4 axle
Single Double Double Single Double Double
trailer trailer trailer trailer trailer trailer
(53") (32-32")  (40-20") (53) (32-32")  (40-20)
Purchase Price
Truck ($) 115000 115000 115000 120000 120000 120000
Trailer ($) 70000 80000 80000 70000 80000 80000
Machine life
Truck (miles) 750,000 750,000 750,000 750,000 750,000 750,000
Trailer (miles) 1,500,000 1,500,000 1,500,000 1,500,000 1,500,0a(600,000
Salvage value
Truck (% of purchase price) 35% 35% 35% 35% 35% 35%
Trailer (% of purchase price) 25% 25% 25% 25% 25% 25%
Interest rate (%) 8.5% 8.5% 8.5% 8.5% 8.5% 8.5%
Fuel cost ($/g) 3 3 3 3 3 3
Fuel consumption
Fuel (mi/g) 44 44 44 44 4.4 44
Oil & Lube (% of fuel costs) 10% 10% 10% 10% 10% 10%
Road user charges
Truck & Trailer ($/1000 mile) 100 100 100 100 100 100
Annual registration ($) 1200 1200 1200 1200 1200 1200
Truck & Trailer Maintenance ($/mile) 0.17 0.20 0.20 0.17 0.20 0.20
Insurance ($/mile) 0.06 0.06 0.06 0.06 0.06 0.06
Tire cost
New truck tire cost ($/tire) 250 250 250 250 250 250
Retread truck tire cost ($/tire) 170 170 170 170 170 170
New trailer tire cost ($/tire) 350 350 1100 350 350 1100
Retread trailer tire cost ($/tire) 260 260 733 260 260 733
Tire life
New front axle tire (mile/tire) 40000 40000 40000 40000 40000 40000
New drive axle tire (mileftire) 50000 50000 50000 50000 50000 50000
New trailer tire (mile/tire) 45000 45000 45000 45000 45000 45000
Retread drive tire (mile/tire) 40000 40000 40000 40000 40000 40000
Retread trailer tire (mile/tire) 36000 36000 36000 36000 36000 36000
Number of front axle tires 2 2 2 2 2 2
Number of drive axle tires 8 8 8 10 10 10
Number of trailer tires 16 20 8 16 20 8
Percentage new drive tires 20% 20% 20% 20% 20% 20%
Percentage new trailer tires 20% 20% 20% 20% 20% 0% 2

Distance on retread compared to new tire 80% 80% % 80 80% 80% 80%
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($/ton-mile) to a very small degree or not at Bikwick and Dooley 1997). Variable
costs, on the other hand, are determined by thetiqypuand quality of transport being
undertaken. So, variable costs can have a largetefh overall transportation costs.
In our model development, fixed costs were depteciainterest, insurance, taxes,
overhead, and registration fees. Variable costsdat maintenance and repair, fuel,
oil and lubricants, labor, and tires. These cosirewaried with truck and trailer
configurations. The input data used in the caloutedf transportation cost is shown

in Table 3.1.

3.2.1.2 Travel information

Travel information was collected from May 2007 t@aywR008 in western
Oregon. Travel data included pick-up and drop-tdtes, travel time, loading and
unloading times, transported materials and trupk typr each trip. From these data,
we identified 45 saw-mills or lumber companies agio places (pick-up) and 20
facilities (energy or pulp plants) or harbors astuation places (drop-off) for this
model. The company used two different types ofiricand 4 axle trucks) and three
different types of trailer (53’ single, 32-32’ ddaland 40-20’ double trailers) during
the study period. A total of six different trucladler combinations were identified for

this model. Transported materials were hog fueldset, shavings, and chips.

Travel routes between origin and destination poidee defined by Oregon

Transportation Route Map #7 provided by ODOT. M&sgecifies allowable lengths,
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weights, and heights of truck for each road in ©@re@ased on this route map and
travel information provided by TT, 107 loaded tranates and 388 potential empty
travel routes between origin and destination poaese found for inclusion in

BIOTRANS.

For all of the travel routes, road geometry datduiting horizontal and vertical
curves information were obtained from ODOT. Roaghsents for each route were
classified using the road classification systenscdeed in Chapter 2. The total
distance traveled over each road class was detednfiam each route. These travel

distance data were then stored as raw data forreaté

For each route, a travel time was then estimatetidyravel time prediction
model for woody biomass transportation describedhapter 2. In the prediction
model, the estimation of travel time was determibgdhe travel distance of each road
class on a particular travel route. However, thedmtion model was limited to
estimating loaded travel time because the modeldegasloped based only on loaded
trip data. Generally, empty travel time is shottem loaded travel time due to the
increase of travel resistance caused by the additioad weight. Groves et al. (1987)
identified that empty travel times were about 1E&cpat shorter than loaded travel
times for log trucks in Australia. Jackson (198&)arted that on-forest log truck
travel speeds were about 4% lower for loaded tréngel for unloaded travel in
Oregon. Additionally, TT's manager mentioned thalbaded travel times were 7

percent shorter on gentle road conditions or itageshighways and 12 percent shorter
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on poor road conditions compared to loaded traneds. Therefore, empty travel time
in this study was assumed to be 90 percent of thadeel time. Loading and
unloading times were also estimated from the pteatienodels described in Chapter
2. Loading and unloading time estimates were basdtie type of material

transported and the trailer types.

3.2.2 Model description

BIOTRANS allows the user to specify a truck confafion, a haul route, the
number of loads, and the type of material trangohrand then analyzes the
production and costs of the specified transpomatigstem. The model was
constructed with seven different linked worksheatsof the worksheets allow the

user to input their own data and cost information.

The first worksheet is a summary page that conefdiso parts; the user
selection part for describing route and truck datd the output part (truck production
and costs) (Figure 3.1). Total trucking productamd costs for a particular transport
situation are determined by selecting a truck aaitet configuration, an origin, a
destination, and transported material type for edptfor the day of interest. The
truck type combo box allows the user to selectctidiguration of the truck; either 3
or 4 axles. The trailer type combo box providet@ae from three different trailer
types; single (53’), double (32-32’), or double {20) trailers. After selecting a truck

and trailer configuration, the user can selectottigin, destination, and transported
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material types for each trip from their combo boxeghis model, 45 saw-mills and
20 conversion plants or harbors are used as defagihs and destinations,
respectively. Some combinations between originsdastinations are not appropriate
because all origins are not connected with allidasons. In practice, woody biomass
material from each saw-mill is transported to chlyr 5 different destinations.
Therefore, if the user chooses an inappropriatebamation of origin and destination,
trucking production and cost are not calculated@mérror message is given. In the
output part of the model, total operation cost (it calculated by the sum of labor,
overhead, and truck costs. Trucking production @l are expressed as green ton
(GT) miles per year (GT-mile/yr) and cost per GTien{/GT-mile), respectively. In
addition, total transportation cost for a particwerking day is calculated as the total

operation cost divided by total working days (2&ys) per year.

Biomass Transportation Model (BIOTRANS)

Truck Type 3 Axle
Trailer Type Single trailer (53')
Trip 1 F 3 4 3 &
Origin Roseburg Forest Products  |Georgia Pacific {Coos) Herbert Lumber Co (Riddle)
Destination Jordan Cove Roseburg Forest Products  |Roseburg Forest Products
Forest Residual Type chip Hogfuel Hogfuel
‘Operation Cost
Annual Costs ($/yr)
Labor Y s 37,468
Overheads \ 5 14,300
Pickup N Miles/day 5
Truck 5 88,882
‘Other Machines s

Total Operation Cost s 140,650

Production and Trucking Rate

Production estimate per year 1,502,499 |GT-Miles/yr

Trucking Rate 0.0936 |5/GT-Miles

Trip cost for one-way 179.51 mile Total cost 52093 |§

Figure 3.1 Summary page of BIOTRANS
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Travel Route
Travel Distance [Miss)
T #of Trip 1 2 3 4 5 &
Origin zarage| Rosebuy Jordan| Georgig Rosehu| Herbert 0 o ] 0 ] Rozshurg
Shope Destination | Rosebiy kordan { Georzi| Rosebu| Berbert) Rosehurg O 0 [+] D [+] 0 ZarEse
Steep | Straight = 1000 fi) [} 0.7 ol o7 [} o o [} [+] o 1] o 2]
=5% [m 00 — 1000 fi) o] o328 ol 028 o ] o 0 o ] o ) ]
Mountainous | 300 - 700 ft) 1] 0.1 ol o1 [} a o 1] o a ] a ]
shamp {= 300t} [} a 1] a o 1] a [} 4] 1] a 1] 0
Fair Straizht [ 1000 fi) o] 451| o053 388 [} o 1] ] 1] o o o ]
[3-5%]) [Reling (700 — 1000 ft) 0| ose ol o058 o o 1] [+] [+] o ] o qf
hountainpus | 300 - 700 ft) 1] 0.7 ol o7 1] a 1] 1] 0 a ] ] 0
sharp {< 300 i} ] o o o o o [+] ] ] o ) [ 0
Good Straight > 1000 ft) o| 27.72| o.7%| 27.0% [} o [+] [} [+] o 1] o o
{0-3%) |Rofing [700— 1000 fi) o] 471 0| 4.5s o o o o [+] o o o 1)
Mountaingus | 300 - 700 ft) of 27 of 272 [ o o ] o ) o ) 0
shamp {< 300 ft] o] o8 ol 018 o 2] o [1] [} 2] a 2] 2]
Downhifl| | straight [= 1000ft) o| 2734 0.53] 2715 [ o o [ ] o o o 0
<09} Rodiing {700 — 1000 fi) o| =zar ol 215 o ] o [+] [+] ] ] ] o
hiountainpus | 300 - 700 ft) 0| 155 o] 155 1] ] a 1] 4] ] a ] )
sharp (<300t} 1] ] ] ] [} ] ] 3] 1] ] ] ] o
urhan Road 12| 127 B32 68 7.2 6 § 1] [} [+] o 1] o 1.2
Fresway 1] a ) ol B4 5.5 o 0 o ] o ) 4
Total Cne-way Distance 12| 863 102 7BF| 156 146 0.0 00| oo 00| oo o0 1.2
Total Travel Distance for Trip ET.5 EB.E 30,2 oo 0.0 0.0
Total Travel Distance for day 207.7|
Traier Type axrmrk&s':r.g’:euaﬁer[ﬁ-
#of Trip i 2 3 4 5 &
Crigin Sarage{ M1 |Pantimill2 [Plant2|MI13  [Mant3 |[ME4 |Pantd MBS |Pants|MES  |LastPlant
Destination |Mil1 |Plantl |MllZ |Plent2 |MIB3 |Plant3 Ml |Pantd Ml |Plents |MilE |PlantE |Gsrsge
Total One-Way Travel Time [minutes) 7.2| 12000 221) 1083| 258 243 0.0 0.0l 0.0 00| 00 0.0 7.2
Forest residue type Hoafe! Hosfised HoaTuel (1] L] o
ding Time {minwtes) 18.5 19.5 18.5 0.0 0.0 .0
utes) 112 112 12 0.0 ] 0.0
Trip Time for Trip {minutes) 185.6 187.1 86.3 0.0 oo oo 7.2
Trip Tire for Trip (hours) 3.1 3.1 15 0.0 0.0 0.0 0.4
Trip Time for Dy (howrs] 7.8
[ s10] [ z10] [ z10] [ o] [ o] [ oo
5 3|
Total Payload for Day (GT) 3.0

Figure 3.2 Travel route page of BIOTRANS

The second worksheet is the travel route infornmgpiage which is linked with
the summary page (Figure 3.2). This page includetercharacteristics, estimated
travel time, estimated loading and unloading tinaes] the payload for each trip. By
the user selecting the origin and destination gacethe summary worksheet, travel
route information that is classified by 18 differeoad classes is automatically
updated from raw source data. This informationsisduto estimate empty and loaded
travel times using the travel time prediction mode noted above, empty travel time

in this study is assumed to be 90 percent of thmated loaded travel time for the
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same trip. Loading and unloading times are estidhbyeprediction models based on

transported materials and the truck configuratigleced in the summary worksheet.

Truck and Trailer Configurations
Truck Type Axle Trailer Payload (tons) utilization (%)
Hogfuel Chip Shaving  Saw dust

3 axle truck & Single trailer {53') 7 Single 31 31 24 31 85%
4 axle truck & Single trailer {53') 8 Single 33 33 24 33 85%
3 axle truck & Double trailer {32-32') 7 Double 34 34 24 34 85%
4 axle truck & Double trailer (32-32") 8 Double 34 34 24 34 85%
3 axle truck & Double trailer {40-20') 3 Double 34 34 24 34 85%
4 axle truck & Double trailer (40-20") g Double 34 34 24 34 85%
Selected Truck Type |

3 axle truck & Single trailer {33) 7 Single 31 31 24 31 B85%

Figure 3.3 Truck and trailer configuration pagdBt® TRANS

The third worksheet shows the truck and trailerfigomations (Figure 3.3).

This page is also linked with the summary worksh&dbtal of six different truck and
trailer combinations are used in BIOTRANS. The maxin payload for each truck
and trailer type is dependent on the truck andetrabnfiguration and the transported
material types. For a single trailer configuratidrgxle trucks can carry 2 GT more
than 3 axle trucks. However, there is no differelpesveen 3 and 4 axle trucks for
double trailer configurations. Double trailers w8 axle truck can carry about 10
percent more woody material than single trailetse d@efault time utilization for each
truck and trailer was assumed to be 85 percemther words for each 8.5 minutes
that trucks were estimated to be spending in l@gdinloading and travel activities,

an additional 1.5 minutes were estimated to betspesuch as activities as fueling,
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Labor Cost
1. Workdays per year 3. Tax free allowances
Total paid days 260 Overnight & Subsistence allowance 50.00
Add Holidays worked 5 Training 50.00
265
Less Vacation 15 Protective equipment allowance paid to workers:
Statutory Holidays 10 Number Amount Total
Wet days 3 1 50.00 50.00,
Sick Leave 2 Other tax free allowances 50.00
Leaves work days 235 Total 50.00
2. Gross average hourly rate 4. Average annual cost of worker
(Excluding tax free allowances) Days/yr [Hours/day| 5/hr Total
Wage rates |Basicrate |Number |Total Mormal time 240 8.2 514,00 527,507.90,
1 $14.00 1 $14.00, Time +a half 235 0.0 $7.00 50.00]
2 $0.00 Year bonus $0.00
3 50.00] Holidays 7] 1D| $10.00 5600.00
4 50.00] Total| 528,107.90
5 50.00)
6 $0.00 Plus vacation (as %} | 2.5| 528,810.60,
7 50.00]
8 s0.00] [pius fringe benefits (as %) | 7.5] $30,971.40
9 50.00|
Contractor 50.00, Annual cost of all staff 530,971.40,
Mo of workers 1 514.00] Tax free allowances 50.00
Average hourly rate $14.00 Total cost per standard worker $30,971.40
Labour cost per workday 5131.79
Average daily cost per worker Average annual cost for labour
5131.79 $35,584.16

Figure 3.4 Labor cost page of BIOTRANS

The fourth worksheet contains labor cost infornratigigure 3.4). The

information related to labor cost was collectedrfran interview with a trucking

supervisor. Basic wage for a truck driver is $1dwwerking hour and the maximum
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working hours are set at 10 hours in one day (ghiew for some trucking operations

but the users can set higher working hours ifiimore appropriate for their drivers).
Payable vacation and fringe benefits are assumbd #5 and 7.5 percent of average
annual labor cost, respectively. Labor costs ia Wrksheet are calculated on a daily

and an annual basis.

Overhead Costs

Office costs

Office rental, power, and insurance S 4.000.00

Depot costs

Supervision S 3,000.00

Office equipment

Depreciation {Cost divided by life in years) 5 400.00
Postage, telephone and tolls | S 1,600.00
Clerical costs | S 1,500.00
Accountancy and legal fees | S 1,000.00
Bank and finance charges (includes overdraft interest) | 5

Public liability insurance

Employers liability S 2,800.00
Operating supplies | 5 -
Fire equipment 5 -
Safefy | 5 -
First aid 5 -
Radio equipment 5 -
Tools 5 =
Others 5 -

Training |
Other |

Total 4 14,300.00

Figure 3.5 Overhead cost page of BIOTRANS
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The fifth worksheet shows overhead cost informafigure 3.5). Overhead
costs in this model include office rental, supaonsclerical, office equipments,
postage and phone, and public liability costs. Type of information is likely to be
recorded for the total fleet of trucks. Therefae,average overhead cost for each
truck needs to be calculated, possibly by dividimtgl overhead costs by the total

number of trucks in the fleet.

3 Axle truck & 4 axle single trailer (53')
Capital Costs Operational Details
Truck cost 5 115,000 Average Trip Distance [mile} B3.83
Trailer cost o] 70,000 Percentage Of Trip Vehicle = Loaded 27
Interestrate (%) 8.5% Trips / Day 3
Vehicl life Year Productive Days [p.a) 270
Truck [mile) 750,000 13.4 Payload Per Day [GT) 33
Trailer [mile) 1,500,000 26.8 Garage Distance Per Day [mile) 12
Salvage values Loads per trip 1
Truck (3 of purchasze price) 35%| S 40,250
Trailer |3 of purchase price) 25%|-5 17,500
Average Capital Investad {ACI) a 121,375
Unit Rates & Performance Calculations
Fuel costs Truck & Trailer travel distances
Diezel cost [5/Gallon) | =] 3.00 Paved roads [miles / yvear) 56,074
Fuel consumption Garaging [miles | year) 972
Fuel [milefGallon) 4.4| |Payloads
Qil & Lube [¥ of fuel costs) 1056 Fayload peryear [ET) 25,110
Road user charges Payload*Distance per year [GT-miles) 1,502,495
Truck & Trailer (5/1000 mile) 3 100 | |Road user charges
Annual registration |5} 3 1,200 Truck & Trailer | = 5,607
Tire costs Tires
Mew truck tire cost [5/tire) 5 250 Truck tires 5 2,675
Retread truck tire cost {S/tire) 5 170 Trailer tires S 6,579
Mew trailer tire cost [S/tire) 5 350 | |Maintenance
Retread trailertire cost [5/tire) S 260 Truck & Trailer maintanance | 5 9,533
Tire life Cost per year |5}
Mew front axle tire |mile/tire) 40000 Depreciation 5 7,551
MNew drive axle tire (mile/tire) S0000 Interest 5 10,317
MNew trailer tire mile/tire) 45000 Insurance & 3,364
Retread drive tire [mile/tire) A0000 Regiztration 5 1,200
Retread trailertire [mila/tira) 36000 Fuel S 38,232
Mumber of front axle tires 2 Gil 5 3,823
Mumber of drive axle tires g Tires 5 9,254
Mumber of trailer tires 16 Repairs & Maintenance 5 9,533
Percentage new drive tires 20% Ro=sd UserCharges 5 5,607
Percentage new trailer tires 205
Distance on retread compared to new tire B0
Maintenance Year
Truck & Trailer Maintenance [5/mile) 5 0.17 | 5 3,533
Insurance [5/mile) 5 0065 3,364 |Tm:,a| Costs | 5 83,482

Figure 3.6 Truck and trailer cost page of BIOTRANS
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The sixth worksheet shows the fixed and variabkt sdormation for each
truck and trailer configuration (Figure 3.6). Detanput values used in this page are

presented in Table 3.1.

Fuel Cost
Fuel price 3.00 5/Gallon
Fuel Consumption Rates
Truck Type
3 Axle Truck 4 Axle Truck
1 1
Road Class Travel distance (mile) | Fuel consumption {mile/gallon)
e 111.99 4.4
(Good and Straight)
Class it 110.6 4.4
{Bownhill and Straight)
Ligs #1d 51.92 4.4
(Urban)
Class #18 0 44
(Freeway)
Other 73 &4
Total fuel cost (5/day) 523671
Fuel consumption rates were collected from American Transportation Research Institute
[ATRI). (Hitp:/ fanarwe. maine gov/mdot/ofbs /documents /pdf/atrimainereport pdf)

Figure 3.7 Fuel cost page of BIOTRANS

The seventh worksheet shows the fuel cost and agptsen information for

different truck configurations and road classeg\Ffeé 3.7). In BIOTRANS, we
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initially used a fixed fuel consumption rate of 4nles per gallon even though there
may be different consumption rates for differentk configurations and road classes.
However, BIOTRANS users are allowed to input difarfuel consumption rates that

suit the particulars of their trucking operations.

3.2.2.1 Fixed costs

Purchase prices for 3 axle and 4 axle trucks wt& $00 and $120,000,
respectively. Trailer price can vary depending onfiguration. The purchase price of

a double trailer is $10,000 higher than that ahagle trailer.

Depreciation for truck and trailers was determinad straight-line basis.
Depreciation was calculated by subtracting theaggwalue from the purchase price
and dividing this figure by the estimated machife [The estimation of machine life
is difficult because machine life primarily depermsthe mileage and condition of the
machine. In this model, the machine life for theckrand trailer is determined by the
annual mileage used. In the calculation of machiaga maximum useful mileage is
set at 750,000 miles for trucks and 1,500,000 nidesrailers. The default salvage
value used is 35 percent of purchase price foktantl 25 percent of purchase price

for trailer.

Interest is the cost of using funds over a perioihoe. For example, if

investment funds are borrowed from banks or othedihg sources, the interest rate is
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generally decided by the lender. Interest rates vaay with locality and lending
institution. In this study, the default value fatarest is 8.5 percent of the average

capital invested (ACI). ACI was calculated as faling:

Purchase price -Salvage value

ACI = > + Salvage value

Every equipment owner may have one or more inserpoticies for
protection against damage, fire, and other destietvents. Insurance costs are
different depending on equipment, travel regions, equipment utilization. In the
literature, insurance costs are generally calcdl&iam ACI. In this study, however, a

default insurance fee was set at $0.06 per mile.

Other fixed costs associated with a truck anddraite registration cost and
road user charges. The annual registration cossetaat $1,200 per truck and trailer

and road user charges were applied as $100 per #9080 mile.

3.2.2.2 Variable costs

In BIOTRANS, the maintenance and repair costs wlepeendent on the truck
and trailer configuration selected. While truckshnsingle trailers were set at $0.17

per mile, trucks with double trailers were set@2® per mile.
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Fuel costs were determined by gas price ($/galo)fuel consumption
(miles/gallon) of the equipment. Fuel consumptiepehds on such factors as engine
capacity (horse-power), equipment weight, travelesis, and driver habits. It also
varies between loaded and unloaded travel. In BIAN®, fuel consumption was
initially fixed in the fuel cost worksheet at 4.4les per gallon regardless of truck and
trailer configurations, travel speeds, and travaracteristics. The effects of different
fuel consumption rates in different road classessaiown in the following section on
sensitivity analysis. The default gas price wa®@3er gallon. Oil and lubricant costs

was calculated as 10 percent of total fuel costs.

Tire costs are generally determined by truck aaiter configurations, loaded
weight, and mileage used. Initial purchase pri@sdiffer for truck tires and trailer
tires. In addition, tire prices can also vary witle tire quality (new vs. retreaded) and
the size (regular vs. wide). In BIOTRANS, retreatiegs were assumed to be used
80% of the time for the drive axle of the truck aildaxles of the trailers. The usage
of new tires on these axles was set at 20 perééide tires were assumed to be used
only for one of the double trailer (40-20’) confrations. Tire costs for a truck and

trailer were calculated as following:

Tire cost = Tire cost for truck + Tire cost for trailer

Tire cost for truck

NF ND
=TD=%|—==CNT +
LF LND

® CRT = 80%4

. ONT* 2006+ 2
' SV T TRD
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NT NT
Tire cost for trailer = TD = T * CNR*20% + LRT * CRR * Sﬂ%}

Where

TD: Travel distance

NF: Number of front axle tires

ND: Number of drive axle tires

NT: Number of trailer tires

LF: Useful life of front axle tire

LND: Useful life of new drive axle tire
LRD: Useful life of retreaded drive axle tire
LNT: Useful life of new trailer tire

LRT: Useful life of retreaded trailer tire
CNT: New truck tire cost

CRT: Retreaded truck tire cost

CNR New trailer tire cost

CRR Retreaded trailer tire cost

BIOTRANS was developed based on data from westeegd@ and
southwestern Washington. Therefore, origin andiigsbn places and travel route

data will not apply to other regions. For this @ashe model format was kept
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uncomplicated to allow its users to provide theundravel and cost information. If
users can add or update travel route data for tegions following the road
classification system used in BIOTRANS, it may pelecable for estimating trucking
productivity and costs for their trucking situatsoin addition, the user can change our
basic cost information in the worksheets to theachine and cost information.
BIOTRANS can be used to plan and optimize woodyraiss transportation by
allowing the user to vary truck configurationsyehroutes and other transportation

cost parameters.

3.2.3 Senditivity analysis

Sensitivity analyses are often used to test thexctffof decision variables on
performance measures; in this case productivityamsportation costs. For this study,
a base case scenario was developed around whistivagnanalysis was carried out.
In the base case scenario, the truck and trailgigrration was a 3 axle truck with
single trailer (53’). The transported woody matiewas hog fuel and the truck
payload was 31 GT per load. A typical daily tri;mested of three loads and the total
travel distance was assumed to be 207 miles. Loadeel was 87 percent of total
travel distance; a very efficient trip schedule dibnal input information included
labor at $14 per hour, fuel price at $3.00 peragglan interest rate of 11 percent,

maintenance and repair costs of 17 cents per amkbtire costs of 16 cents per mile.

After the base case analysis was completed, satysdnalyses were
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performed to test the effects of travel distanae fael price on transportation costs
for hauling woody biomass. Different one-way dis@smwere simulated to test the
effect of hauling distance on transportation cdke fuel price influence on the
transportation cost was determined by assumingreifit diesel prices. Additional
sensitivity analyses were also conducted to tesirttuence of a 10% change in labor
or maintenance and repair costs on transportatiet By carrying out sensitivity
analyses, the user can obtain an improved undelistanf the variables which have
the greatest impacts on transportation cost andhalpythe user to determine optimal

operating options for minimizing costs.

3.3RESULTSAND DISCUSSION

3.3.1 Truck operating cost components

Truck operating cost components vary with différeeansportation
circumstances including truck configurations, readditions, travel routes, regions,
and fuel prices. Figure 3.8 provides the distritmutdf component costs, based on the
average transportation circumstances in westergddras reported by Terrain

Tamers and as modeled in BIOTRANS.
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Figure 3.8 Truck operating cost components

Labor (27%) and fuel (28%) costs are the two largesiponents of total cost.
Therefore, small reductions in labor and fuel congyds could significantly reduce
the overall truck operating costs. Labor costsgameerally calculated based on
working hours per day. Therefore, optimal truckpdiehing systems could be
considered to reduce the working hours. Optimalkispatching may reduce the

empty travel time and delay time for loading antbading activities. Fuel costs are
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directly related to truck configurations and fuatp. However, as noted earlier
BIOTRANS does not consider the effects of truckrabteristics and routes on fuel
consumption. Overhead (8%), tires (8%), maintenamckrepair (7%), interest (6%),
and depreciation (6%) are the next most importast components. A further 10% of
cost is made up of road user charges (4%), oil@dcants (3%), insurance (2%) and

registration (1%).

3.3.2 Effects of truck configurations

The effect of six different truck and trailer cométions were examined while
holding overhead costs constant (Table 3.2). Daffeconfigurations directly affect

fixed and variable equipment costs as well as labets.

For fixed costs, different configurations have eliént purchase and salvage
costs and machine life that produce different daption and interest costs. For
example, in BIOTRANS, a 4 axle truck and doublddraesults in higher

depreciation and interest costs compared to a8taxtk and single trailer.

For variable costs, different truck and trailer figuration directly affect repair
and maintenance costs and tire costs. There desadif numbers of tires and types of
tires used with different truck and trailer configtions. In BIOTRANS, a 3 axle truck
with single trailer produced the lowest total trust while a 4 axle truck with double

trailer (40-20’) had the highest total truck cost.
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Table 3.2 Transportation costs and productivitydifierent truck and trailer

configurations.

Total Trucking

. Productivity
Operation (GT-Miles/Yr) rate

Truck Labor Overhead Trucking
Configurations  ($/Yr) ($/Yr) ($/Yr)

Cost ($/Yr) ($/GT-Mile)

3 axle truck
S'”g'etzgg‘?)r 24,794 14,300 86,468 125,562 837,000 0.1500
D°“b'(§g_§"ze,)r 27,478 14,300 90,249 132,027 918,000 0.1438
Double traller 57 478 14300 91,489 133,267 918,000 0.1452

(40-20')

4 axle truck
S'”g'etzgg‘?)r 24,794 14,300 87,468 126,562 891,000 0.1420
DO“b'(%gg"z‘?)r 27,478 14,300 91,249 133,027 918,000 0.1449
D°“b'(ig_‘;'(')e,)r 27,478 14,300 92,489 134,267 918,000 0.1463

Different trailer configurations directly influenddoading and unloading times.
These terminal times can directly affect trip cyiihee. Longer cycle times increase
the working hours per day and elevate labor cdsblé 3.2). In BIOTRANS, single

trailer configurations had lower labor cost thamlle trailer configurations.

Truck productivity (GT-Miles/Yr) was different wittruck and trailer
configurations when travel distance was constanBIDTRANS, a 4 axle truck with
single trailers allowed the transport of more vodutihan a 3 axle truck, while there
was no difference in productivity between 3 anck &rucks with double trailers.
Double trailers had higher productivity than singgkglers. Consequently, larger
payloads produced lower transportation costs wlieer anput variables were held

constant (Table 3.2).
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Trucking rate ($/GT-Mile) was used to compare traokt efficiencies in
different truck and trailer configurations. In BIBRNS, a 4 axle truck with single
trailer was the most cost efficient truck and &atlype (Table 3.2). Although the 4
axle truck with single trailer has higher operatoogts than a 3 axle truck, its higher
productivity compensates for the higher operatiogt and consequently produces a
lower trucking rate than found for a 3 axle truelowever, the optimal truck
configuration may depend on the moisture contetth@transported material. With
low moisture, light material, the four-axle truclthvdouble trailer configuration may
be better than the four-axle truck with singlel&aconfiguration because it has a
higher volume capacity. In double trailer configuoas, a 3 axle truck has a lower
trucking rate than a 4 axle truck. This result wae to operating cost alone because
productivities between 3 and 4 axle trucks are t@omsDouble trailers were more cost

effective than a single trailer on a 3 axle truck lless cost effective on a 4 axle truck.

3.3.3 Effects of transported materials

Woody biomass comes in a wide variety of forms filwmg fuel to sawdust.
These materials have very different propertieddading and unloading due to their
different load densities. The load density of wobttynass can be defined by what
proportion of the load volume is airspace, and vihablid material? Scion (2009)
found that the load densities of hog fuel and ¢Bfpto 45%) were slightly lower than

those of sawdust (40 — 45%). However, the loadideatshavings was much lower
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(20%) compared to other materials. In our studyjlar results were found; the
payload of shavings was 24 GT per load while othaterials had 34 GT per load for
a double chip van configuration (Figure 3.3). Idliéidn, the different properties of
the materials may also affect loading and unloatimgs. In Chapter 2 we reported
that hog fuel has significantly shorter averageliog and unloading times than other

materials due to it particle size and relativelgrhwater content.

mHogfuel OChip = Shaving BSawdnst

Trucking Cost ($/GT-mile)
=]
o

0.14 -
0.12
0.10 -
Singletrailer Doubletrailer Doubletrailer| Singletrailer Doubletrailer Doubletrailer
(531 (32-32) (40-20") (531 (32-32) (40-20")
3 axle truck 4 axle truck

Truck Configurations

Figure 3.9 Trucking costs with different types adady biomass

The differences in payloads and loading and unt@atimes among types of
woody biomass directly affect total trucking cogts.shown in Figure 3.9, shavings

have about 30% higher trucking costs than otheenatypes. This is due to lower
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payloads and longer loading and unloading timesvé¥er, the low moisture content
for shavings may produce higher revenue than otta¢erials if energy conversion
plants use a payment system based on bone-drB®n)( This may compensate for
the high trucking cost. In other materials, hod fuees the lowest trucking costs
compared to chip and sawdust but these differemeenot statistically significant at

thep = 0.05 level.

3.3.4 Effects of travel distance and route

Travel distance has the major influence on trartgpon costs. Travel route is
the major factor determining trucking costs wheawvét distance is constant. To find
the effects of travel distance and route on trartapion costs, three different types of
travel route were generated by different compass#tiof road class. The routes were

defined as follows:

Worst: 5 percent of freeway, 5 percent of highway roadrntagood grade and few
bends, 50 percent of highway having adverse gradésnany tight curves, and 40

percent of urban road.

Basic: 25 percent of freeway, 25 percent of highway roeading good grade and few
bends, 25 percent of highway having adverse grad@snany tight curves, and 25

percent of urban road.

Best:50 percent of freeway, 40 percent of highway roeading good grade and few
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bends, 5 percent of highway having adverse grad@srany tight curves, and 4

percent of urban road.

The test was examined for a situation with only lmael per day by a 3 axle
truck with a single trailer. Figure 3.10 shows éxpected costs per GT and GT-Mile,
respectively, for a range of transportation dis¢éanan three different travel routes. As
expected, transportation cost ($/GT) increased initteasing travel distance while
trucking rate ($/GT-mile) decreased. Trucking ratgidly decreased with increasing
travel distance up to 100 miles of one-way distaarwe: then it decreased at a slower
rate. Similar results were reported by Grebnet €@05) for log products transported

in the southern USA.

In Chapter 2 we found that road characteristigbllyiaffected overall travel
time. Different road classes in the road clasdificasystem we used had different
travel speeds and travel times. For example, trgpedds on highways were twice as
fast as those on roads in urban areas. Road stendare shown to affect
transportation costs. As can be seen in Figure 8h&0worst routes had higher
transportation costs and trucking rates than tiselzand best routes. In the worst route,
long hauls on poor roads and crossing through urbaas contributed to increased
total travel time and consequently increased tngkiost and trucking rates. In
contrast, lower transportation costs and truckatg were associated with the best
route conditions, mainly resulting from more usafjreeways that had the highest

travel speed.
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Figure 3.10 The effects of travel distance and @dlitions on transportation costs

for a 3-axle truck with a single trailer (assumorge load per day)
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3.3.5 Effects of back-hauling

In woody biomass transportation, the truck norgnadturns empty to its
previous origin for another load or to their honasé. Empty travel, particularly for
longer travel distances, is often considered da$ignent performance in transportation
cost analysis. Therefore, minimization of such gmvel has been found to be very
important in reducing transportation cost. Impletagan of backhaul trucking is
often considered as one of the least expensiveadsetior improving transportation
costs (Murphy 2003). Backhaul trucking is a tramsggan method whereby empty
trucks pick up another load near the previous uhfapplace rather than returning
empty all the way to the original origin. Backh#uicking is an excellent method for
minimizing empty travel distance and reducing tpam&ation cost. However, its
implementation is often limited due to the diffigubf finding another load near the
previous unloading place. In our study, backhawdking was used on five different
routes (Table 3.3). The average one-way distansel®@ mile and next truck loads
were located at 1.3 to 35.2 miles from the previmisading destination. The
trucking rate for backhauling situations was alnat of the trucking rate for regular
travel (without backhaul). In addition, the usa@éackhaul trucking produced
substantial savings on transportation cost; as &sgh7 percent. The cost savings were
expected to come from increased truck productivitye cost reduction found in our

study was similar to the 47 percent reduction reggbm New Zealand (Murphy 2003).
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Table 3.3 Effects of back-hauling on total transgioon costs for five sample routes.

Distance With back-hauling Without back-hauling
between
Total h Percent
Sample one- first i i difference
conversion Trucking Transp. Trucking Transp. it
Route di plant and cost cost
istance ($/GT- ($/GT- cost
: second ($) ($) o
(miles) mill mile) mile) (%)
(miles)
1 164.9 10.2 0.0874 447 0.1597 818 45
2 160.5 15.8 0.0902 449 0.1604 798 44
3 169.4 35.2 0.0950 499 0.1580 830 40
4 160.9 16.2 0.0903 450 0.1603 800 44
5 175.6 13 0.0829 451 0.1574 857 47
3.3.6 Senditivity analysis

3.3.6.1 Sensitivity to changes in fuel price andsconption

Fuel price directly affected total fuel cost ($/@nd total transportation cost
($/GT-mile). A small movement in price greatly ingggcosts and may reduce
margins for the owner. The effect of fuel pricest@msportation costs is presented in

Figure 3.11.

A 10 percent change in fuel price changes totdl lop$8.1 percent. With a 10
percent increase of fuel price, the overall fuedtdéncreased by $4,938 per year per
truck. Fuel economy is also related to travel spddcdavel speed is increased, more
fuel would be consumed and fuel cost increased.d¥ew an increase of travel speed

can reduce total working hours per day and leaatings in total labor costs.
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Berwick and Dooley (1997) reported that transpatatosts increased by 2.3 percent
as the legal speed limit increased from 55 mileshper to 60 miles. In our study, a
10 percent increase in speed on all classes ofresauts in a 4 percent decrease in

total transportation costs.
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Figure 3.11 The effects of fuel price on transpartacosts for a 3-axle truck with a

single trailer carrying hog fuel

A fixed fuel consumption rate of 4.4 miles per gallas initially used in
BIOTRANS. The effects of using different fuel consution rates for different road
classes on transportation costs are shown in F@uli2 For the analysis, different

fuel consumption rates were taken from a repoAlmerican Transportation Research



85

Institute (ATRI 2009). The fuel consumption ratesroad classes #9 (HGS), #13
(HDS), and #17 (Urban) were 4.7, 4.5, and 4.0 npkssgallon, respectively. In
addition, freeway and other road classes were asgtwonconsume 4.9 miles per
gallon. The urban road class has a considerabhehiflyiel consumption rate than
other road classes because there is more geariogasgociated with these roads.
The sensitivity analysis relates to one of theesutinning between the 1I-5 freeway
and the Oregon coast. The analysis showed that fued consumption rates produced
3 % higher fuel cost and 1 % higher total transggarh costs than using different fuel

consumption rates for the selected route.
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P 1000 7 Different fuel 1.1%
é 300 - consumption rates 753 744
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Figure 3.12 The effects of different fuel consuroptrates on transportation costs for

a 3-axle truck with a single trailer carrying hagef
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3.3.6.2 Sensitivity to changes in labor cost, nemahce and repair cost, and interest

rate

Sensitivity analyses of labor, maintenance andirgopat, and interest are

presented in Table 3.4.

Table 3.4 Sensitivity analysis for labor, maintect&@& repair, and interest rate on

total transportation costs

) Percent increase or
. 10 % increase from base .
Variable decrease in total
case ,
transportation cost

Labor $1.40 per hour + 3%
Maintenance & repair $ 0.02 per mile +1.5%
Interest rate 1% + 0.5%

Labor cost, along with fuel costs, is one of the targest cost components of
total transportation costs. The default labor natBIOTRANS is $14 per hour. In
sensitivity analyses, a 10 percent increase inrlabst changes total costs by 3

percent.

Maintenance and repair costs vary with machineaageutilization. Generally,
new equipment has lower maintenance and repaimdatd older equipment has
higher repair costs. In this study, maintenancerapdir cost was set initially as 17

cents per mile. In sensitivity analyses, a 2 ceatdase per mile in maintenance and
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repair cost increases total costs by 1.5 perceith Mispect to interest rate, a 1 percent

absolute increase leads to a 0.5 percent incredséal transportation costs.

3.4 CONCLUSION

In this study, a trucking production and costingdel was developed based on
Microsoft EXCEL spreadsheets, to estimate tranggiort productivity and cost when

hauling woody biomass from mills to energy convandiacilities in western Oregon.

Labor (27%) and fuel (28%) were the two largeshponents of total cost.
Therefore, small improvements in these componemikicsignificantly reduce the

overall truck operating costs.

Different truck and trailer configurations signdiatly affected transportation
costs. A 4 axle truck and single trailer was thesnoost efficient hauling
configuration. However, the optimal cost effectix@nsportation option may change
depending on the moisture content of the transgaraterial types. Double trailers

are more cost effective when used with 3 axle subkn 4 axle trucks.

Different types of woody biomass also influentetal trucking costs due to
their different material sizes and payloads thegally influence loading and
unloading times. In our study, shavings have 3@qygrhigher trucking costs than
other material types. Compared with chips and sawdhwg fuel has the lowest

trucking costs but the cost differences betweeselmeaterials were not statistically
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significant.

The implementation of backhaul trucking appeareket@an excellent way to
minimize empty travel distance and reduce tranggiori cost. However, its
implementation is often limited due to the diffigubf finding another load near the

previous unloading point.

In the sensitivity analyses, labor, fuel, and memaince and repair costs were
identified as the cost parameters that have tlgesampotential for woody biomass
transportation cost reduction. In particular, gog@cent increase in fuel cost resulted

in a 3 percent increase in total transportatioriscos

Understanding of transportation cost structureughosimulations of
BIOTRANS could help decision makers to indentiftefficient transportation
options that may increase profit or decrease cbsteddition, BIOTRANS can be also
used to plan and optimize the woody biomass tramesiian by allowing the user to
vary truck configurations, travel routes and otfnansportation cost parameters. This
improved knowledge for woody biomass transportatidhhopefully lead to
increased transportation efficiency in the truckimdustry and improve the utilization

of woody biomass for energy production.
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4.1 INTRODUCTION

With rising fuel costs and enhanced environmerdaterns, biomass energy
from a wide range of materials is receiving consitie attention globally as a
valuable renewable alternative to the use of fifossil fuels (Hall 2002). The use of
woody materials, in particular, is attracting aajréeal of attention for bio-energy
production, due to its abundant sources of supgplgddition to bioenergy from
specially grown forests, there is the opporturotyse waste material or low value by-
products from timber production. In spite of theswantages, woody biomass
utilization is not economically attractive as fdé$gel due to the high production costs
compared to low market values of this materialhditgh the U.S government
provides substantial government subsidies for bgsta become a viable alternative,
high production cost is still an economic barreethe widespread utilization of woody

biomass for energy production (Rummer 2008).

Transportation costs from the sources to the englagits are a significant
proportion of the overall production costs of woddgmass. In past studies,
transportation costs account for about 25 to 50guerof delivered costs depending on
hauling distance, load bulk density and moistureteat of delivered materials
(Angus-Hankin et al. 1995, McDonald et al. 2001ldd@ok and Han 2005, Pan et al.
2008). Therefore, increasing the transportatioitieficy of woody biomass should
significantly reduce overall production costs. Besi the economic savings, there are

likely to be reduced environmental impacts (Palmgreal. 2004). Development of
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truck dispatching and scheduling systems has gagantial to increase the efficiency

of woody biomass transport, as it has for transpbproducts in many other industries.

In the woody biomass supply chain, transportatsogeinerally done by chip
vans since these have been identified to be thé¢ cossefficient transportation
system for this type of material. The main operat®to move woody materials from
harvesting sites or sawmills to heating plantspg&nts or export harbors. Planning
for woody biomass transportation is consideredet@ lcomplex problem because it
has multiple supply and demand points, multipleemak types, multiple truck and
trailer configurations, and multiple time perio@urrently, woody biomass truck
fleets are typically scheduled and dispatched &ysiport planners based on their local
knowledge and experience. For small-sized truakd$letransport planners can handle
the organization of their trucking routes adequyataéthout scheduling aids. With
increasing fleet sizes and supply and demand pdintsever, they often create
inefficient and poorly organized truck schedulesalvhmay result in long working
hours for each truck and long waiting times at ing&nd unloading places. These
inefficiencies increase transportation costs are#se production. To improve log
trucking efficiency, a number of optimal truck sdbéng and dispatching systems
have been developed and these have reportedlydesaghificant reductions of costs
and fleet size (Weintraub et al. 1996, Palmgread.2003, Murphy 2003, Gunnarsson
et al. 2004, Palmgren et al. 2004, Andersson &04l8, and Contreras et al. 2008).
Weintraub et al. (1996) developed ASICAM, a heigssbased model for the Chilean

log transport sector, and found average reductid@4% in truck fleet size and 13%
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in average working hours and operational costdNdw Zealand, Murphy (2003)
implemented a truck route scheduling problem usiingd-integer programming that
resulted in potential reductions (25 to 50%) irckrtleet size used by two forest
companies. Andersson et al. (2008) developedebssidn support system, RuttOpt,
using linear programming and standard tabu seasthads. In Sweden, use of the
RuttOpt model reduced the truck fleet size for mpany by about 30% and also
reduced the total distance driven by trucks by &/st of the past forest to mill truck
scheduling and dispatching models were developeddiaventional log trucks and
very few examples in the literature deal with wodilyenergy transportation. One of
the few examples is by Ericksson and Bjoérhedeng1L@810 presented a linear

programming model for solving a fuelwood transpiiotaproblem.

In transportation planning, it is important to hayeck and accurate methods
that can assist the planner with detailed routesigh a way that total transportation
cost and fleet size are minimized while satisfyanget of constraints. Several
algorithms have been developed to solve these gipa®blems. Bixby and Lee
(1998) devised a branch-and-cut algorithm for smvinteger linear programming
(ILP) formulations of the truck route schedulingplem. Gunnarsson et al. (2004)
developed a large mixed ILP model. However, thdiegion of these ILP methods
often fails for large-scale problems because coatjut time dramatically increases
with problem size (Contreras et al. 2008). Tradislty, several heuristic approaches
have been developed to solve larger problems soretble time (Weintraub et al.

1996, Sun et al. 1998, Nanry and Barnes 2000, tLah 009). Although heuristic
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approaches may not always guarantee that optirhai@ws have been found, they
have been the focus of a large number of researtemause of their high efficiency
and capability of problem solving especially forga and complex problems.
Weintraub et al (1996) and Nanry and Barnes (2@@@)ied tabu search algorithms to
vehicle routing problems. Jayaraman and Ross (2803)Lin et al. (2009) applied
simulated annealing heuristics to truck and traierting problems and found that
simulated annealing is competitive with tabu seamaldentifying optimal solutions
and in running times. In this paper, a simulatedeating approach is developed to

solve the truck scheduling problem for woody biosi@ansportation.

Simulated annealing can be regarded as a varidhedbcal search-based
heuristic technique in that it is possible to egcipm being trapped at a local
optimum by accepting worse solutions, with a smedbability, during its search
iterations. This algorithm is based on the anngakchnique used in the metallurgical
industry. Annealing is the process in which slowlew is applied to metals to
produce better aligned, low energy-state crysttilin (Lin et al. 2009). The
optimization procedure of simulated annealing reacnglobal minimum mimicking

the slow cooling procedure in the physical annegtirocess.

This study was conducted to solve a truck schegymoblem for transporting
woody biomass in western Oregon. The problem waitdd to transporting by-
products (chips, hog fuel, sawdust, or shavingepfsaw-mills to conversion plants

(energy or pulp) or harbors for export. In ordeobdain solutions within reasonable
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times, we have applied a simulated annealing apprdéhe basic objective of this
problem is to satisfy the demand for different prctd at each destination while
minimizing transportation costs and total workinge for a whole day within
constraints related to maximum working hours ftwola To test the quality of
solutions, our algorithm was first compared withaatual situation that included
scheduling of 50 loads and then tested for a rahgéferent scenarios in a medium
size scale problem which included 40 mills, 20 8ai5 loads per day, 4 product

types, 75 trucks, and 6 truck-trailer configurason

4.2 STUDY METHODS

4.2.1 Problem information

The transportation problem in this paper was kohito transport of woody
biomass from origins to destinations satisfyingdetermined transportation orders
(truck loads) in western Oregon. The transportaitidormation was obtained from
Terrain Tamers (TT) located in Dillard, Oregon aeldted to a one year period
between May 2007 and May 2008. At the time of pgobdevelopment, the company
had contracted to deliver woody biomass in the fofrhog fuel, chips, sawdust, and
shavings from 45 saw-mills to 20 conversion faig$if continuously over a one year
period. 75 chip vans were used to carry an avesa@80 truck loads per day. Two
different truck types (3 axles and 4 axles) anddltdifferent trailer types (53’ single

van, 32’-32’ double van, and 40’-20’ double vany&ased. A total of six different
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truck and trailer combinations were used dependmthe characteristics of the
loading and unloading facilities (such as sizeavt-$nills and conversion plants, and
loading and unloading systems), and on weight egguils (bridge capacity) for
particular routes. Allowable load capacity in eablp van depended on the truck and
trailer configurations used and type of woody bismearried. Detailed allowable load
information was reported in Chapter 3. Travel dis&s for trips were derived from
Oregon Transportation Route Map #7 that specifieavable truck lengths, heights
and load capacities for each highway. Distance® &0 classified into 18 different
road classes (see Chapter 2) by vertical and haakooad alignments. Both travel
distances and road classes were used to estiraaét times using travel time
prediction models (see Chapter 2). Terminal tilmetuding loading and unloading
times generally varied with trailer configuraticensd transported material types.
Loading and unloading times were estimated byraiteal time prediction model
(Chapter 2). For this problem, cost information wablected through the combination
of an interview with a senior manager from TT aisé of the costing model described
in Chapter 3. Both fixed and variable costs wemgedawith truck and trailer
configurations. Fixed costs components includedetzation, interest, insurance,
taxes, overhead, and registration fees. Varialdésammponents included
maintenance and repair, fuel, lubricants, labagdroser charges, and tires. Each truck
generally started from TT’s depot located in Dilla©Oregon and returned to the depot
after finishing work for the day. Truck drivers vedmited to 10 hours of driving time

per day. However, a small amount of overtime wasnollowed to complete tasks at
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loading or unloading facilities having a long onaywrip distance (> 250 miles) for a
single trip. If a truck was used it was consideiete fully loaded and carry a single

product type.

4.2.2 Mathematical modd

The woody biomass transportation problem was foatedl as a mathematical
programming model. The objective of the model ismaimize the weighted sum of
transportation costs and the total working timgecttto constraints on routes,
working time and predetermined order requiremerts. objective function was
calculated, based on truck types, woody biomassstyiotal travel distance, and
loading and unloading times. In this problem, fsats of constraints must be satisfied
to find the number of feasible routes. The firststoaint for the model specifies that
each truck chooses only one feasible route. Howeash truck is also permitted to
stay at the depot for the whole day, in which caséransportation costs and working
hours will be incurred. The second constraint assthrat the total working time for
each truck must be less than 10 hours. For longnayedistance travel, however, a
small amount of overtime is allowed to completéngle load for the whole day. The
third constraint guarantees that the predetermoméers are satisfied. The forth
constraint ensures that the number of trucks tleatised for a given truck type must

be less than the available number of trucks foisimae truck type. The fifth constraint
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specifies that the binary variabl¥g will be 1 if trucki of truck typer used routg
and 0 otherwise.
The mathematical formulation of the problem is shdyelow.

Ny My Ny My

Min ZZZm(cmxijr ZZZKZ[T X..))

m=1i=1j= r=1i=1j=

Subject to

ZX’"” -1 r=1,2,..Y; i=12,..N, (1)

T, Xy = 10 r=1,2,..Y; i=12.N,; j=12.M, (2)

voN My

ZZZHD,{WUJ{,U = RO,, k=1,2,.5;: p=12..D (3

r=1i=1; =1

N Mg

ZZ‘X?"EJ EN?" r=1,2, ..V (-’-1-:)

i=1 j=1

X?"i_;l' = {ﬂr 1} v L) ['r_-il [:5:)
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where
¥ = number of truck types
N, = number of trucks in truck type r
M,. = number of feasible routes for truck { of truck type »
§ = number of supply points (Sawmills)
D = number of demand points (Plants or harbors)

RO required orders that are transported from supply point & to

kp
demand point p
A0, ,,;; = quantity delivered from supply point k to demand pointp
by truck i of truck type ¥ using route j
C,;; = cost of route j used by truck i of truck type r
T,;; = working hours of route j used by truck i of truck type r
X .. = Binary variables; 1 if truck i of truck type r used route j

rij

and 0 otherwise

K1 = weight factors for minimizing the total transportation cost

K2 = weight factors for minimizing the total working hours:
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In our model, the objective function consistedved different goals; minimizing
total trucking costs and total working hours. Miigmg one goal does not necessarily
lead to minimization of the other goal. Without gletis, costs influence the objective

function value by a ratio of approximately 70:1.

4.2.3 Simulated annealing algorithm

4.2.3.1 Initial solution

Assign truck type for each truck
randomly

A

Is the truck type
still available’

Generate route for each truck
randomly

A

Are total working
hours < 10?

Are all required
orders assigned?

¢ Yes

Calculate initial objective function

Figure 4.1 Flowchart to calculate initial objectiumction for the simulated annealing
procedure



103

A simulated annealing (SA) algorithm was used tgesthe woody biomass
transportation problem. The SA algorithm startedibging a random initial solution
(Figure 4.1). In the initial solution procedureg thigorithm first randomly assigned a
truck type for each truck from the available triige list and determined if the truck
type is still available to work. If it is still ailable, the algorithm randomly generated
a route for each truck and tested if the workinggtifor the route is within 10 working
hours. After generating a feasible route for eagbk, the algorithm determined if
predetermined orders are fulfilled by all of thecks. If it is satisfied, the algorithm

calculated the initial objective function value.

4.2.3.2 Move neighborhoods

After the initial solution was constructed, thre#edtent move neighborhoods
are randomly employed to generate candidate rdoteandomly selected trucks

(Figure 4.2).

The first attempt to move neighborhoods is sihgdel insertion. The strategy
of this method is to move a single load from itsrent truck route to another truck
route in the feasible solution (Figure 4.2-a). Treertion was carried out by randomly
selecting two trucks and inserting a randomly gelésingle load from the first
selected truck route to the second selected trmader The insertion point was also

randomly selected in the second truck route. Igm@orhood searching methods, the
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Route for| - . Trip #1-2 . : .
truck #1 Trip #1-1 (candidate to move Trip #1-3| Trip #1-4 | Trip #1-5
o
Route for| - . : .
truck #2 Trip #2-1| Trip #2-2 | Trip #2-3
(a) Example of single load insertion
Route for| - . Trip #1-2 . : .
truck #1 Trip #1-1 (candidate to move Trip #1-3| Trip #1-4 | Trip #1-5
Route for| - . : : Trip #2-4 .
truck #2 Trip #2-1| Trip #2-2| Trip #2-3 (candidate to move) Trip #2-5
(b) Example of swapping single pair between routes
Route for Trip #1-2 Trip #1-3
truck #1 | Trip #1-1 (candidate to (candidate to | Trip #1-4 | Trip #1-5
move) move)

' i
Route for|  Trip #2-1 Trip #2-2
truck #2 | (candidate to| (candidateto | Trip #2-3 | Trip #2-4 | Trip #2-5

move) move)

(c) Example of swapping multiple pairs between routes

Figure 4.2 Neighborhood search methods
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single load insertion has been often used in pask scheduling programs (Nanry and
Barnes 2000) because this method has the greatesttial to minimize the objective
function value and truck fleet size used for a wehabrking day by reducing the

number of routes.

The second move neighborhood is to swap a singlk pair between two
different truck routes (Figure 4.2-b). The swapeésformed by randomly selecting
two trucks and swapping a randomly selected silogle pair between the two
different routes. This method is often used to iowprnew feasible solutions when

any single load insertion is not applicable in ¢herent solution.

The last move neighborhood is to swap multiplel Ipairs between two
different truck routes (Figure 4.2-c). The algamtihandomly selects the number of
pairs to swap and exchanges selected pairs atrdpdelected places between two
different routes. This search method is especladlpful when several loads are
present for each truck or when the volume of trsdkeduling is large (Nanry and

Barnes 2000).

4.2.3.3 Simulated annealing procedure

After finding a random initial feasible solutiomet algorithm randomly
selected two trucks and generated a candidate fauéach truck by using a

randomly selected neighborhood searching methapi(€i4.3). After generating
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candidate routes, the algorithm determined if drededate route for each truck is
feasible. If they are feasible, the algorithm chkdted the objective function of a
temporary solution for the proposed move. The teaayoobjective function value

was then compared with current objective functialug to determine if an
improvement has been attained. If there was anaw@mnent, the move was accepted.
In addition, an inferior solution also had a snpatibability of being accepted. The
Boltzmann probability function) was used to determine whether to accept a worse

solution or not. The Boltzmann functiod)(was calculated following:

1
2= exp ((0r— 0,)/T)

where

Oy = the temporary objective function value
Oc = the current objective function value

k = the predetermined constant

T = the current temperature



Set initial objective function

v

.| Randomly select two trucks to swap
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routes

v

Choose a swap method <

v

Generate candidate route for truck
(swap parts of route between truc

v

Are total working
hours < 10?

Calculate temp objective function {0

Is the solution
better than current
solution (@Q)?

Update best solution

!

Is nlter >
max. nlter?

Is current temp <
min. temp?

Report best solution

CalculateZz
Z = 1/exp((@-Oc)/KT)

v

Generate random variable (0-1)

Yes

Iteration = iteration + 1 41

Update solution

Temp = temp*.95 —

Figure 4.3 Flowchart for the simulated annealingcpdure
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If the value of Z is greater than a random vagdidtween 0 and 1, the
temporary solution will become the current solutemen though the temporary
solution is bigger than current solution in theecaminimization. In the
minimization problem, the essential idea of thisgadure is not to restrict the moves
to those that only decrease the objective functadoes, but to also allow moves that
increase the objective function values. This athonireduces the likelihood of the
search being trapped in a local minimum. The seematinued for a user-defined
number of iterations within each temperature bamheyhich point the temperature was
lowered. The algorithm was stopped when the cutemperature was lower than the

final user-defined temperature.

4.3 COMPUTATIONAL RESULTS

Our optimal solutions were first compared to thed@mly generated initial
solutions and the actual solution for one Terraamé&rs schedule that contained 50
loads all transported by 3-axle trucks with eitki@gle or double trailer configurations
(Figure 4.4). The initial solutions were very siamito the actual solutions (p>0.05).
Our optimal solution produced an 18 % reductiotoial transportation cost and a 15
% reduction in total travel time compared to theuakschedule. This result gives us
some confidence in the results we found for thiws¥ahg comparisons that were made

based on simulated problems.
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Figure 4.4 The percent differences between optgokitions and the actual solution

for a 50 load problem

Our truck scheduling program for transporting wobdymass was also applied

in four different case problems to test the quantié improvements of solutions and

the efficiency of the solution procedures. Eackhefcase problems included a base

case scenario and modifications of selected faetansnd the base case. Two of the

factors related to variations in the truck schedyroblem and two related to
variations in the solution procedure. The caselprob were generated to evaluate the

effects of (1) different sizes of predeterminedensd (2) different sizes of the

transportation study area, (3) different weightiexgls in the objective function, and

(4) different numbers of iterations in the seargoathm. The basic case was built

based on the actual transportation tasks carrietyoa current trucking company



110

(Terrain Tamers in Dillard, Oregon). In the bassecave assumed that a total of 75
trucks with a total of six different truck and teaitypes (two different truck types and
three different trailer types) were available tos$g the total predetermined orders.
For each trailer type, ten 3-axle trucks and fiftdeaxle trucks were available. Forty-
five supply points (sawmills) and 20 demand po(atsversion plants or export
harbors) that are scattered around western Oremgbsauthern Washington were used
in the base case. The predetermined order incladethl of 75 truck loads. Trucks
were limited to a maximum of five loads per dayhe analysis. Maximum working
hours were set at 10. In the SA procedures, thi@liand final temperatures were set
at 10 and 0.1, respectively. The coefficient aolfitrg the cooling scheme was 0.95
and the number of iterations at each particulaperature was 1000. The simulated
annealing algorithm was implemented in Visual Bagiplication (VBA) for

Microsoft Excel. It was then run on a Pentium 1@ &Hz PC with 3 GB RAM under

Microsoft Windows XP operating system.

The optimization was repeated 25 times for each pasblem. The final
solution values were compared with the randomlygassl initial solution values for
each repetition. Average improvements in solutialues, based on 25 repetitions,
were calculated for each case problem. Efficiemcyalution procedures was

measured by the number of seconds required to sodveroblem.
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Problem 1. Different sizes of predetermined orders

The purpose of this problem was to analyze thecteffef different sizes of
predetermined order (as measured by total trudksloan the total objective function
value and on the truck fleet size needed. Forptublem, the algorithm was tested for
four sizes of predetermined order: totals of 25,78 and 100 truck loads. Weighting

values (K1, and K2) were both set at 1 for thisopem.

As expected, the initial and optimal function valilecreased with increasing
order sizes (Figure 4.5-(a) and (b)). For all orslees, the truck scheduling model
produced significant improvements in solution valuEhe average reductions in
transportation cost were 7 to 11% for the 100 émthack load orders, respectively
(Figure 4.5-(d)). In addition, the truck schedulmgdel produced an average
reduction of 10% in total travel time (Figure 4d))( The model was better at
reducing the truck fleet size than reducing transpion costs and travel times. The
highest reduction in the fleet size was 15% for2Gdruck load order, although this
improvement was not significantly different to impements found for the other order
sizes (p>0.05, Figure 4.5-(d)). Based on the satafidard errors found for the 25
replications for all four order sizes, we can dat bur scheduling model is likely to
produce very good solutions in truck schedulingopgms. The model is also efficient;
using 1000 iterations for each particular tempeegtall of the optimal solutions were

obtained within 27 seconds.
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Figure 4.5 Effect of different total order sizes,maeasured by total number of truck
loads, on (a) total trucking cost, (b) total tratrele, (c) total number of trucks
required, and (d) percentage improvements in swiutalues. Initial values relate to a
randomly assigned initial feasible solution. Optivalues relate to the best feasible

solution found by the search procedure.
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Problem 2. Different size of study area in truck scheduling problem

The purpose of this problem was to investigateguentitative improvements
in optimal solutions due to different sizes of kwcheduling study area. To test this,
two study area sizes were developed based on iatmmobtained from the TT
trucking company. The first scenario representsahaf the origins (sawmills) and
destinations (plants or harbors) located withir0@ fnile radius of the truck depot. A
predetermined order size of 75 truck loads wasmsduUp to 75 trucks were
available for assignment to the order. The secordaio was performed on origins
and destinations within a 233 mile radius of thekrdepot. Two-thirds of the 75
truck loads were delivered within the 100 mile tadirom the truck depot, while the
other one-third of loads was transported to locetimore than 100 mile radius from

the truck depot. Weighting values (K1, and K2) wieogh set at 1 for this problem.

As expected, the objective function values incrdagith the increase in size
of the study area. Total transportation cost infitts¢ scenario (smaller study area)
was $24,975 and in the second scenario (largey stieh) $39,258 (an increase of
$14,283) (Figure 4.6-(a)). The analysis indicateat the model was more effective in
reducing total transportation costs and workingrapas well as fleet size, in the small
study are than in the large size study area (Figug€d)). These results could be
explained by the shorter empty travel distancewéen truck depot and origins,
between origins and destinations, and betweenrdgstins and truck depot in the

smaller area than the larger area. In this probsbuut 70 percent of the total origins
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Figure 4.6 Effect of two different sizes of disgatg area on (a) total trucking cost,
(b) total travel time, (c) total number of trucksjuired, and (d) percentage
improvements in solution values. Initial valuesatelto a randomly assigned initial
feasible solution. Optimal values relate to thet bessible solution found by the

search procedure.
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and destinations were located within a 100 mileusdf the truck depot. Therefore,

in the small size of truck scheduling area therg been have more chances to
schedule multiple loads for each truck and bacKkihgwf loads within the limited
working hours. The importance of back-hauling wias aoted by Murphy (2003). He
reported significant reductions for both truckirgsts (up to 47 %) and truck fleet size
(20 to 50%). In contrast, many of the trucks witthie larger truck scheduling area
were limited to a single truck load within the wiordx hour constraint due to the long
empty travel distances. Some loads within the gezdened order needed a relaxation
of the working hours constraint to carry out theksa These specific circumstances
limited improvements in the objective values. HEiverage solution time for the small
size study area was 21 seconds while the averdgggosatime for the large size study

area was 26 seconds.

Problem 3. Different weight levels within the objective function

Five different sets of weight levels were testedirtd their effects on optimal
values. Levels for K1:K2 ratio ranged from 10M11t100; the first weight being
applied to truck costs and the second weight baeppiied to working hours. As noted
above, without weighting, there are almost two ni@gles of order difference in the
contribution of costs towards the objective funetammpared with working hours

(~70:1). The effects of these weighting level extens, therefore, to place a very
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high (~7000:1) overall weighting on costs, when K108 and K2 = 1, and an almost

equal weighting on costs and working hours (~70),1@8en K1 = 1 and K2 = 100.

16.0
O Truck Cost B Travel ime O% of Tiuck

14.0
12.0

10.0

Differences (%o) betwwen initial and
optimal value
o]
=
|

6.0 -
4.0 -
2.0 -
0.0 . . .
10:1 55 1:10 100:1 1100
Weight

Figure 4.7 Differences between initial and optiwvaues with different objective
weighting levels on total trucking cost, total tehtime, and total number of truck.
10:1 means that a weighting factor of 10 is appitetfuck costs and 1 is applied to

working hours.

For different ratios in weights, we found that tharere no significant
differences in optimal transportation costs andkivay hours as well, as the number
of trucks to be used (p>0.05, Figure 4.7). Whennbight factors were forced more

towards minimizing transportation costs the redurcdf truck fleet size was 2%



117

greater than when the weight factors were forcetertmwards minimizing working
hours, but this difference was not statisticalnsiicant. There were no differences in
solution times between different weight levels witthe objective function. The

average solution time was 29 seconds.

Problem 4. Different numbers of iterations

In simulated annealing procedures, the numbegétitions at each
temperature often has a significant impact on thedity of the solutions. In past
studies more iterations have resulted in bettert®ols (Boston and Bettinger 1999,
Contreras et al. 2008). Large problems may nee@ muming time to find optimal
solutions. It is important, therefore, to find éy@propriate number of iterations needed

to obtain good quality solutions within reasonatoiening times.

In this problem, six different numbers of iteraiso(100, 500, 1000, 2000,
5000, and 10000) were investigated to find thdeafon objective function values. In
our results, lower optimal solution values werendwvith increasing numbers of
iterations, but there was no statistically sigmific difference found between the
solution values (p>0.05, Figure 4.8-(a) to (c)). &lthe iteration numbers produced
similar improvements in solution value, except00 iterations. Those runs with
iteration values of 100 produced significantly lowgeains in values than the other five

iteration numbers (p<0.05) (Figure 4.8-(d)). Thegram running time was increased
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Figure 4.8. Effect of number of iterations on @hpat trucking cost, (b) total travel
time, (c) total number of trucks required, anddéin in solution values.

with increasing number of iterations. In particyisgration values of 10,000
dramatically increased running time up to 800 sdsaompared to other iterations

but it was also a reasonable running time to oldpirmal solutions (Figure 4.9).
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From our results, we recommend that 500 iteratadreach temperature would be

appropriate to obtain reasonable optimal solutieiis a quick running time.

Runtime (Sec.)

100 500 1000 2000 5000 10000

Iteration

Figure 4.9. Effect of number of iterations on swintrun time.

4.4 CONCLUSION

This study was performed to solve a truck schedubroblem for transporting
woody biomass in western Oregon. The study waddifrtio transporting byproducts
(chip, hogfuel, sawdust or shavings) from saw-ntdlgonversion plants (energy or
pulp) or harbors for export. A simulated anneakpgroach was used in order to

obtain solutions within reasonable times. The babjective of the approach is to
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minimize total transportation costs and total wogkiime for a whole day while

satisfying the demand for different products atedestination.

Optimal solutions were compared to the randomahgolution and the actual
solution for one Terrain Tamers schedule. Our ramdutial solutions were very
similar with the actual solution. The optimal trudute scheduling model produced
an 18 % reduction in total transportation cost arid % reduction in total travel time

compared to the actual schedule.

Solution times and improvements were evaluatedoiar case problems.
Solution times varied for all of the case problexsept problem looking at changes
in weights in the objective function. Quantitatimgrovements in solutions were
found for all of the problems. The average redundtim transportation costs were 7 to
11% for predetermined daily order sizes of 100 2mdruck loads, respectively. In
addition, the scheduling model produced an averagdsction in total travel time of
10%. The model was better in reducing the fleet #1an in reducing transportation
costs and travel times. The highest reductiondatfkize was found to be 15% for a
predetermined order level of 25 truck loads per, détiiough this improvement was

not significantly different from improvements foufa other order levels.

The size of the area serviced by the trucking fiéfcted the level of
improvement obtained by using the simulated anngalpproach to truck scheduling.
The algorithm was more effective in reducing tétahsportation costs and working

hours as well as truck fleet size in small areas ithwas in large areas.



121

Applying different weighting factors to trucking sts and working hours in the
objective function produced no significant diffeces in optimal values. Weighting
could, therefore, be ignored. Lower optimal solat@lues were found with
increasing numbers of iterations in this minimiaatproblem, but there was no
significant difference between the solutions fofmddifferent iteration values
(p>0.05). With respect to improvements over initegdsible solution values, 100
iterations produced significantly lower improvengtitan were obtained for higher
numbers of iterations (p<0.05). Therefore, 50(tiens at each temperature would be

appropriate to obtain reasonable optimal solutieitis reasonable running time.

There are a number of limitations associated vhith $tudy. First, our
optimization program was developed to solve thénigiway truck scheduling
problem for transporting woody biomass residuemfsawmills to customers. Further
research needs to be extended to the truck schgdaoblem for transporting forest
residues from harvesting areas since there arerdiit travel conditions on forest
roads and different loading operations at harvgsites compared to those found
when transporting the mill-residues on highway.d®el; newly designed truck and
trailer configurations that can improve the limietessibility of conventional chip
vans to forest areas should be added in the fatocel. Third, in our current
program, working hours were limited to 10 hoursvofking time per day. However,
some single trips had one-way trip distances tleaewreater than 250 miles and
needed over 10 hours to complete the loading, lteaek unloading tasks. Further

work is needed on how best to deal with the relardbr the working hours
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constraint. Finally, linking current transport apization programs with GIS to
estimate travel times and to present final optiroates to users has been shown to be
beneficial for log transportation (Andersson e2808). This feature was not
available with our program but should be considéoedurther development since it

should help users to better manage their chip tieeits.

Despite these limitations this truck schedulingeysproduced solutions to
medium scale transportation problems (up to 10€kglin reasonable times (expected
time for 500 iteration problem) and could leadrtgprovements in the economics of

woody biomass transportation.
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5.1 INTRODUCTION

In the forest supply chain, problems related ansportation systems have long
been an important concern because transportatitee isingle largest factor of total
production costs in United States. In timber praiun; transportation of logs from the
landing to the mill accounts for over 40 percentadél operation costs (Weintraub et
al. 1996, Pan et al. 2008). In woody biomass prddacMcDonald et al (2001)
reported that transportation of woody biomass péclly responsible for between 25
and 50 percent of the total delivered costs depgnain travel distance. Because
transportation makes up such a large part of tleeadivcost in the forest supply chain,
the trucking industry is continuously facing pregsuto operate more efficiently.
Traditionally trucking companies in the forest fidlave focused their attention on the
development of various transportation equipmengsyjo increase their profitability,
i.e., increasing truck capacity or improving theessibility of trucks on forest roads
by improved truck and trailer configurations. Moeeently, medium and large sized
trucking companies have focused their attentioadvanced scheduling and
dispatching systems to reduce their overall opematdsts and fleet size by increasing

transportation efficiency.

The development of new equipment configuratiorssreaeived considerable
attention in woody biomass transportation becafiiended accessibility by
conventional chip vans on forest roads. Conventionig vans generally don't track

behind the truck very well because the pivot pbitiveen the truck and trailer is far
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forward at the fifth wheel. Conventional chip vaoan, therefore, only be used on
forest roads which have been designed and consttwith wider curves than those
designed for the stinger-steered log trucks whrehtygpically used for log
transportation in the forest. To solve these proisleSinclair (1985) described a
container system to recover woody biomass from r@nous terrain. He found that
this system has good potential to haul chunks aond $ogs from landings and
roadside debris accumulations in the forest. We&0BZ2) introduced the log/chip B-
train vehicle which was capable of hauling bothpshand logs and could improve
chip and log truck utilization. In recent years th.S. Forest Service has designed a
stinger-steered chip van. It is combines featuras fa regular logging trailer and a
cargo container and can access the same forest asaglconventional logging truck.
This is considered to be a better alternative tmarstructing or reconstructing forest
roads for conventional chip vans since there ametonvestment costs associated

with converting existing trailer systems to stingégered chip van configurations.

Another on-going effort to improve the efficienciytansportation is the
development of optimal truck dispatching and schedwsystems. Weintraub et al.
(1996) developed ASICAM, a heuristics based moaletiHfe Chilean log transport
sector, and found average reductions of 31% irktfieet size and 13% in average
working hours and operational costs. In New Zedldturphy (2003) implemented a
truck route scheduling problem using mixed-intgg@gramming that resulted in
reductions (25 to 50%) in truck fleet size usedvy forest companies. Palmgren et

al (2003) developed the decision support systent(®t, using linear programming
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and standard tabu search methods. In Sweden, tise ButtOpt model reduced the
truck fleet size for a company by about 30% and edsluced the total distance driven
by trucks by 8 %. However, despite such benefasfimproved transportation
systems, advanced truck dispatching and schedsyistgms have been slowly
implemented in the Northwestern U.S. timber sumblgin because timber
transportation services are often supplied by sarall medium sized trucking
companies. These typically schedule and dispatks based on local experience
and may not consider that they can obtain the dmmefits from optimal scheduling

systems that large trucking companies can obtain.

Collaborative transportation management (CTM) leagmtly been put
forward as a new opportunity for improving the @ffncy of transportation systems.
In the forest trucking industry, supply and demaites are often geographically
dispersed within regions that are served by mae tine trucking company. There is
a high potential for collaboration in supplyingrisportation services. It is important
for companies to work together to eliminate inefficies in the transportation
process, reduce operating costs, and ensure excelie the movement of products.
Currently, however, collaboration between two orenoucking companies is rare
even though they may be located in the same regidrship their products to the
same markets or retailers. If they share theirghgpinformation and their trucks, the
total fleet size required to haul their productaldgotentially be decreased, thereby

reducing costs. Audy et al. (2007) found that therage cost saving, through utilizing
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a CTM system in a Canadian wood supply chain, was gercent and the average

reduction in travel distance was 7.25 percent.

Trucking companies will typically participate inCIM system when each
company can obtain greater benefits from theiratmtation than they could obtain
when they operate individually. However, althoughiMCcan produce substantial cost
savings for the group, it does not always providaicant cost savings for individual
companies within the group. Therefore, it is impattto build an agreement between
the participants for efficiently managing the grsugfforts and equitably sharing the

benefits to ensure the long-term stability of tbaboration (Audy et al. 2010).

A number of recent studies have addressed cosiaéilbm methods and
frameworks for an efficient implementation of CTRtisk et al. (2010) used a case
study that included eight forest companies, to @rara new cost allocation method.
Their method was based on sharing relative prafitequitably as possible among the
participants. Audy et al. (2010) explained howffaceently build and manage

profitable logistics collaborations and how to ghtreir profits.

In this chapter, we (1) review the general esshilient of a collaborative
transportation coalition, discuss how the lead@rshithe coalition can be assumed
and look at how participants in a coalition areestdd, (2) look at the benefits of
CTM based on studies external to and within forestistries, (3) discuss how to share

cost savings and present some examples of costgsalocation methods from the
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literature and (4) explore the potential implem&ataof CTM in the woody biomass

transportation industry.

5.2ESTABLISHMENT OF A COLLABORATIVE TRANSPORTATION

COALITION

In the trucking industry, the interest in CTM hiesen with increasing
competition from countries with low production cgstainly China, and escalating
environmental concerns. The main objective of CENbiimprove the operating
performance of all entities involved in the relasbip by eliminating inefficiencies in
the transportation component of the supply chaiough collaboration. In business,
collaboration occurs when two or more companiesfarcoalition and exchange or
share information and resources with the goalithet collaboration will generate

benefits that they cannot generate individually.

In the building of collaborative transportatiorstms, the forms of
collaboration between organizations vary with taeure of the information shared as
well as the degree of interaction between partiergeneral, the level of information
sharing increases with the degree of collaborafitwe. opportunities to add potential
benefits can also be increased with the degrestefactions between partners. Esper
and Williams (2003) and Audy et al. (2010) desatibiee extension of value
contribution by collaboration as the collaboratnetwork expands and information

sharing increases. If partners choose to adomhplsiform of collaboration, sharing
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only transactional information such as orders aahents, the benefits contributed
by collaboration can be limited to improving eféacies in contract negotiations.
However, if they decide to agree on a partnersbilalgoration or consortium
collaboration that shares strategic and tactidarimation such as customer demand,
forecasts and operational capacities, the benefite added by collaboration would
be more significant. These additional benefits wdypically come from improved
shipment and carrier management and enhanceddla@tg and scheduling systems.
For example, wood bartering and backhauling betvpegtmers in a wood supply
chain are typical executions of strong partnersbifaboration. Wood bartering can

be used in such a way that destinations betwegnlysapd demand nodes are changed
(Frisk et al. 2010). Exchanging of timber volumlesotigh sharing supply/demand
information between partners can reduce transpamtabsts. Backhauling is a
transportation method by which a truck carries ongeveral loads while returning to
the base area where its first load originated (Redaet al. 2002). This effort in
transportation has long been used in individualking companies in order to reduce
both transportation costs and empty vehicle movésném southern Sweden, Carlsson
and Ronnqvist (1998) found that backhauling woultkenit possible to reduce
transportation cost by up to 4.6% and the distahnicen with empty loads by around
21%. They also noted that the economic efficierfdyackhauling especially

increased when it was combined with collaboration.

To build collaboration between partners, one seteof the players typically

has the leadership of a coalition. Leaders of taditton may lead the collaboration,
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deciding who should be admitted and how benefitaishbe divided. The leadership
of the relationship will usually vary with the bness context and the size of the
partners involved in the collaboration. Their cdnition and organization objectives
will also significantly influence the leadershipydy et al. 2010). Audy et al. (2009)
have identified six different types of leadershiprently used for collaborative
transportation (Table 5.1). These are classifiethikydifferent objectives and attitudes
of the leaders, and can be generalized to othesticg collaborations. Audy et al.
(2009) also investigated the impact of differertdagors of the leader in collaboration
through the use of case studies. Audy et al. (Rb@duced the importance of the
leader’s behavior in the collaboration and demeastr how the leader’s behavior in a
coalition can affect the costs/saving allocatioroagthe partners as well as the

development and the size of the coalition.

In the building of collaboration, the selectionoofe or more partners to be
admitted into a coalition is a difficult task, redng care, because not all partners
contribute positively to a coalition. Some partn@ay enter with a lot to provide and
little to gain while others can benefit greatly hwiittle to offer (Audy et al. 2010). In
business, the right partner is the one who hasgasiorganization size, technologies,
culture, and philosophy. In addition, partners nhaste similar goals and objectives
for the coalition and be ready to share the benatwell as the risk in a trustful
partnership (Liu et al. 2006). Deciding on the nemdf partners is also an important
task if the collaboration is to work effectivelyyfically, large-sized collaborations

have more opportunities to gain great benefits 8mall-sized collaborations.
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However, the former is usually associated withramngase in transactional costs as
well as in the complexity of cost and saving altomas between participants in a
coalition (Audy et al. 2010). Therefore, the snsaled collaboration may be preferred

due to these increased problems.

Table 5.1 Six different types of leadership forl@obrative transportation
management (Audy et al. 2009)

Description of the leadership

1
A customer leads the collaboration: It aims to mize its transport costs
by finding other customers that can provide a geaqailibrium
(geographical, volume, and time) between supplyderdand.

2 A carrier or third-party logistics (3PL) leads tbaalition: It aims to
maximize its profit by a better usage of its cargycapacity.

3 A forth party logistics (4PL) provider leads theatibon: It aims to
minimize/maximize the costs/profit of its partners.

4 Customers share the leadership of the coalitioey Bim to minimize
their transportation costs.

> Carriers share the leadership of the coalition:yTdie to maximize their
profit by a better usage of their carrying capacity

6 Carriers and customers share the leadership auhl@ion: They aim to

minimize their transportation costs by using theyag capacity of the
carriers




135

5.3 COST SAVINGSWITH CTM

Collaboration among trucking companies has beentitied as a powerful
approach to improve delivery routes, provide managetitive transportation rates
and reduce hidden transportation costs. Cost ssdpgollaboration between partners
in number of industries have been identified thioagse studies. In many of these
case studies, the savings are defined as theatffferbetween the cost of the
collaborative plan and the sum of the cost of e@adlvidual plan (Audy et al. 2007).
Cruijssen and Salomon (2004) analyzed the effecoldiboration for an entire
coalition and report that cost saving may rangmftoto 15% and can be higher. In
1999, Wal-Mart piloted a collaborative transpodatmanagement project with
Procter & Gamble and J.B. Hunt to improve the éficy of transportation. They
found that there was a 16 percent decrease indinlpéime and a 3 percent drop in
empty miles (Dutton, 2003). Krajewska et al. (20@i@alyzed the profit margins
resulting from horizontal cooperation between tweaght carriers. They found that
the cooperation yielded a 10% reduction in the nemalb vehicles used and a 12.5%
reduction in transportation cost. Cruijssen eRal{7) examined the effect of average
order size in the collaboration. They reported tiidfaborative planning appears to be
more profitable in sectors where there are manylsders than in sectors where the

average order size is large.

In the forestry field, the importance of a colladiove transportation system

has been introduced by several past studies. Raland Vaatainen (2005) examined
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the potential benefits from collaboration in a wawgbply chain in Finland. They
found a 20 % reduction in transport costs withatmtiration between the partners
when backhauling was used and a 2% reduction its @aghout backhauling. Audy et
al. (2007) also found cost savings through useafllaborative transportation system,
albeit somewhat smaller (4.55 %) than those regdayePalander and Vaatainen
(2005). An average reduction in travel distanc@&.@b percent was also reported by
Audy et al. (2007). In Sweden, Frisk et al. (20&®amined the potential
transportation costs savings for eight forest camgsawhen a CTM system was used.
Savings of up to 14% in the transportation costeweentified. They also identified
environmental benefits resulting from collaborati®tween companies; namely a 2%

reduction of emissions from the trucks.

5.4 SHARING THE COST SAVINGSFROM A COLLABORATIVE

TRANSPORTATION SYSTEM

In the building of collaboration, a key questiorh@®w the total cost or savings
should be distributed or shared among the parti¢gplaecause the level of benefits
achieved by each partner may differ. Therefones, itecessary to build methods that
ensure that the right distribution of the beneditsong participants make the
collaboration acceptable for everyone. Typicallgoad cost/saving allocation
mechanism should attract trucking companies tattiaboration, enable easier

agreements, and help to keep the collaboratiorthegeSeveral saving/cost allocation
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methods have been described in the literature @higsDriessen 1986, Young 1994,

Audy et al. 2007, Audy and D’Amours 2007, Friskakt2010).

In saving allocation methods, the behavior of geder is important because
the leader proposes the method which will be ugsesthare the benefits of the coalition
among the participants. Audy et al. (2007) develape different saving allocation
methods under the different behavior of leadinygland tested the effects of the
leader’s behavior on saving allocation in a wooplyi chain. The first sharing
method is the altruistic saving allocation methiadthis business model, the leader
shares among all the partners the marginal inclieabe benefit of coalition produced
by adding a new partner. The split of the margbalefit is based on the stand alone
weighted cost of each player in the coalition. $Beond method is the opportunistic
saving allocation method. For this model, the maabincrease in the benefit to the
coalition, when a new partner is added, is shaedddren the leading players and the

new partner only.

Frisk et al. (2006) suggested that sharing of #reebt could be addressed by
using a cost allocation approach rather than angaaliocation approach. In other
words, instead of splitting the savings of the ttimad among the participants, the cost
of the collaborative planning is split between plagticipants. They developed three
different cost allocation methods, called EPM (Hdrafit Method), which provide

an as equal relative profit as possible among #negpants and tested them on a case
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study in forest transportation. The three costcallion methods used by Frisk et al.

(2006) are described below.

1. Proportional equal savingshe cost is allocated so that each player obtains
the same percentage of savings; for example, ietaee three players each gets one
third of the savings. However, the leading playerthe coalition may not think this is

fair.

2. Weighted volumeéhe cost is allocated according to the proportibtihe
player’s transport volume of the total volume tiamrsed by the coalition. Because
transportation costs are often charged on a vohases, this method was instinctively
suggested, and unanimously accepted, by the coeganihe case study. This

method is also easy to understand and implement.

3. Weighted volume according to the transportaptan: this method is
similar to the second method but the differendbas the transportation plan is
explicitly taken into account in the cost allocatién this case, for each delivery route,
the cost is spread between the participants ubmgadute according to the volume

ratio of their shipments to the total volume shighpa the route.

More recently, Frisk et al (2010) re-evaluated mher of sharing
mechanisms, which included economic models basexoperative game theory
(Tijs and Driessen 1986, Young 1994), separablenandseparable costs, shadow

prices and volume weights. They also developed radvanced EPM approaches
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based on modifications of earlier case studiesd@mionstrated the advantages of

using EPM approaches over other approaches.

5.5POTENTIAL IMPLEMENTATIONSOF CTM IN A WOODY BIOMASS

SUPPLY CHAIN

In woody biomass supply chains, large volumesraftatively long transport
distances together with the low market value ofrtfaerial transported make it
important to improve the transportation efficiersci8ources and sinks for woody
biomass within a region are often served by moae tine trucking company. In many
cases, volumes of the same or similar assortmerttamsported in opposite directions
by two different trucking companies due to a lowelleof interaction between the
trucking companies. There is, therefore, genemltygh potential for collaboration
within woody biomass supply chains. CTM between éwonore companies could
provide substantial opportunities to improve thececy of transportation. This can
be done by exchanging transport material and bagiigabetween participants in a
coalition. In transported material exchanging, wodés of some supply points are
exchanged between companies to reduce the total tfesstance. Backhauling is used
to find better travel routes by combining transpoders of different trucking
companies. In wood supply chains, the significarst saving through these
approaches have been reported in several pasest(Wieintraub et al. 1996, Carlsson

and Ronngqvist 1998, Murphy 2003)
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Although the benefits of CTM to the forestry sedtave been demonstrated in
the literature, it is difficult to directly applyipractice. Because collaboration is likely
to depend on such things as who the partners ingalkion are, the resources they
bring to the coalition, the order in which theyndhe coalition, their business goals,
agreements on how the benefits are to be sharedegion in which the coalition is
being operated, the types of woody biomass masetioabe transported, etc. there is

not a single solution, or model, that will solve@I'M problems.

Collaboration involves sharing of information, efént utilization of shared
transport resources, and optimal allocation otdeefits. A new framework to
achieve this will be needed. The sharing of infararais likely to involve the
development of a web-based collaborative netwoskesy that is also used to
effectively carry out the collaborative transpddatplanning between participants in
a woody biomass supply chain. This web-based systera consist of three different
processes. The first process would include impgtrtive transportation data such as
orders (volumes to be delivered between supplyd@miand points), the number of
trucks available, and other information relateevrk performances by participants.
The second process would define truck routes ugitignal truck scheduling and
dispatching systems based on the transportati@n @he last process would present

the output (travel routes) for each participant.

A simplified version of the optimal truck schedgimfrastructure for a non-

CTM system has been presented in the Chapterhisofitesis. The optimization
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model would have to be modified for a CTM systenadification of the objective

function would depend on the benefit sharing metiat was agreed upon between

coalition participants. As a demonstration of hmwv model could be modified, let us

assume that one of the EPM approaches describEddkyet al. (2010) is used. The

objective function of the EPM method is to minimthe maximum difference in
pairwise relative savings. The mathematical formaitaof the optimal collaborative

truck scheduling problem is now shown below:
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¥ = number of truck types

N_, = number of trucks in truck type r owned by comapany a
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M_. = number of feasible routes for truck { of truck type r

§ = number of supply points (Sawmills)

D = number of demand points (Plants or harbors)

RO,, = required orders that are transported from supply point k to
demand point p

AQgppp; = quantity delivered from supply point k to demand pointp
by truck i of truck type + using route j owned company a

Cgari; = cost of route j used by truck { of truck type r owned company a

Tari; = working hours of route j used by truck i of truck type r owned

company a
X pi; = Binary wariables; 1 if trucki of truck type + owned company a

used route j and 0 otherwise

K1 = weight factors for mininizing the total transportation cost

K2 = weight factors for minirmizing the total working hours

5§C_ = Stand alone cost for participant a before a coalition found in Phase 1

5C, = Stand alone cost for participant a’ before a coalition found in Phase 1
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AC, = Cost allocated in participant a in a coalition found in Phase 2

AC,_. = Cost allocated in participant a'in a coalition found in Phase 2

P = number of participants in a coalition

A flowchart for a collaborative transportation apization model, which uses
simulated annealing (SA) to solve the optimal dmlative truck scheduling problem,
is shown in Figure 5.1. The optimization algorithas two Phases. In Phase | the
stand alone optimal costs for individual particifgacould be obtained using the
procedure described in Chapter 4. In Phase liriti@li objective function is set to 1,
which means that improvement for the coalition hgeeto be determined. The costs
allocated to individual participants in a coalitiare calculated after swapping routes
between participants. If the overall costs fronoalition’s solution are higher than the
sum of the costs of individual participants the gped routes are unacceptable and a
new set of routes to be swapped is selected. kdhétion’s solution is acceptable the
relative savings for each participant are calcdlalde relative savings of participant
ais expressed as (€ AC) / SG =1 - (AG / SG). Therefore, the difference in
relative savings between two participamtgnda’, is equal to (AG/ SG) — (ACy /
SCy). The temporary objective function valdie¢ould be then compared with current
objective function value to determine if an improent has been attained. If there
was an improvement, the move would be acceptedfdllosving steps would be

similar to the simulated annealing procedure prieskim Chapter 4.
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Figure 5.1 Flowchart for the simulated annealingcpdure to solve the collaborative
truck scheduling problem
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Frisk et al. (2010) use costs alone as the bastsafoulating their objective
function value. We use a weighted combinationaste and time in our model. It
would be simple, however, to use costs alone ag alone if the user wished to. This

would be a simple matter of setting either the KKb weighting factors to zero.

An issue that needs to be considered in Oregorotned parts of the US is the
antitrust law that prohibits anti-competitive belmnand unfair business practices.
Therefore, coalitions that utilize collaborativartsportation planning systems must be
executed in a way that so that they cannot be degaais a formation of an antitrust.
To overcome this barrier to collaboration theredse® be an independent

organization (third-party) to lead the coalition.

5.6 CONCLUSION

In this chapter, we reviewed how to build and nggnefficient collaborative
transportation systems. The role of the leaderswbudding collaboration systems
was introduced and six different leadership apgreaavere described. Depending on
the business context, collaborative planning crktte great potential cost savings; in
the range of 5 to 15%. A key issue is how savilgaikl be distributed among the
collaboration participants. Two saving allocatioathods under the different behavior
of leading player and three different EPM methoésendescribed. In the last section,
we discussed the potential implementation of coltabve transportation in woody

biomass transportation industry and proposed theeqa of a web-based
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collaborative network system for woody biomassgpamtation based on optimal

truck scheduling program presented in the Chapter 4

Based on this literature review, future work shdlclis on the development
of a web-based CTM system for a woody biomass sugpin. This model should be
developed and tested around several case studiaktovthis work is developing a
range of cost/saving allocation algorithms for wptgtbmass transportation to ensure

the right distribution among participants of theéfits obtained by the collaboration.
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CHAPTER 6

GENERAL CONCLUSIONS

Transporting woody biomass from the sources teettergy conversion
facilities is the single largest component of therall supply costs for many suppliers
around the world. In woody biomass supply chairsgportation costs are about half
of the delivered costs. Since transportation malpesuch a large part of the overall
cost in the forest supply chain, small increasawefefficiency could significantly
reduce the overall supply costs. Therefore, thasedeen much research continuously
invested in not only finding more efficient transtaion systems but also developing
decision support systems to reduce transportatehand improve the utilization of
wood. However, most of the past research was facoseonventional log
transportation in the forestry sector. The literatiacks information about woody
biomass transportation from sources to energy asiefacilities. The ultimate
objective of this dissertation is to provide nevowtedge which leads to
improvements in the economic feasibility of usingodly biomass for energy through
reductions in transportation costs. This study stigated the transportation of by-
products (chips, hog fuel, sawdust, or shavinggnhfsaw-mills to conversion plants
(energy or pulp) or harbors for export by chip vamselling on off-forest roads.

Results presented in this dissertation may helgking companies to build the logistic
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transportation system and management strategiesdbl reduce transportation cost

and produce maximum profits in woody biomass trartsgion.

Chapter 2 summarized the results of prediction rnsaeestimate not only
travel times but also loading and unloading timedrfansporting wood raw materials
in western Oregon and southwestern Washingtomisnchapter, travel time was
predicted by travel distance over various roadseaselated to road gradient and
alignments. The travel time prediction model depetbwas shown to be a good
predictor for travel time through a validation pedare. From simulations with the
prediction model, it was concluded that selectmgroutes with shorter urban road
distances and longer freeway distances would syaorduce the travel times.
Loading and unloading times were effectively présticusing transported materials
and trailer size as the predictors. Prediction risishelicated that loading and
unloading times of hog fuel and when a single érafas used were significantly
shorter than those of other materials and douhblkets, respectively. However, the
prediction models produced high, and statisticsiliyificant, errors in model

validations.

Chapter 3 described the results of the investigatito modeling the effects of
different truck configurations, transported matetyaes, and travel route
characteristics on transportation costs. In thaptér, a trucking production and
costing model (BIOTRANS) was developed to estintietesportation productivity

and cost when hauling woody biomass from millsrtergy conversion facilities in
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western Oregon. In the simulations of BIOTRANS loase a base case scenario, it
was identified that different truck and trailer fignrations significantly affected
transportation costs. A 4 axle truck and singlédravas the most cost efficient
hauling configuration. However, the optimal codeefive transportation option may
change depending on the moisture content of tmsp@ted material types. Different
types of woody biomass also influenced total tragksosts due to their different
material sizes and payloads that directly influeloegling and unloading times.
Shavings have 30 percent higher trucking costs ¢tiaer material typesurther
examination showed thttite implementation of backhaul trucking appeareaketan
excellent way to minimize empty travel distance egdlice transportation cost. However,
its implementation is often limited due to the @ity of finding another load near the

previous unloading point.

Chapter 4 introduced an optimization program teesdthe truck scheduling
problem for transporting woody biomass over highsvaeywestern Oregon. A
simulated annealing approach was used in ordepteirosolutions within reasonable
times. The basic objective of this algorithm is#&tisfy the demand for different
products at each destination while minimizing tggorgation costs and total working
time for a whole day within constraints relatedrtaximum working hours for labor.
Optimal solutions were compared to the randomahgolution and the actual solution
for one Terrain Tamers schedule. Our random irstdditions were very similar with
the actual solution. The optimal truck route schi@dumodel produced an 18 %

reduction in total transportation cost and a 1%#uction in total travel time
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compared to the actual schedule. In addition, tifierent scenarios in a medium size
scale problem were generated to evaluate the sfté¢il) different sizes of
predetermined orders, (2) different sizes of thesportation study area, (3) different
weighting levels in the objective function, and (fferent numbers of iterations in
the search algorithm on the quantitative improvessiensolutions and the efficiency
of the solution procedures. For all order sizes tthck scheduling model produced
significant improvements in solution values witin seconds. The average reductions
in transportation cost and total travel time wel&oland 10% for the 25 truck load
orders, respectively. The model was better at iedube truck fleet size than
reducing transportation costs and travel times. Aigkest reduction in fleet size was
found to be 15% for a predetermined order levél®fruck loads per day. Further
research analysis found that the different sizébh@transportation study area
significantly affected the quality of optimal satuts. The algorithm was more
effective in reducing total transportation costd armrking hours as well as truck fleet
size in small areas than it was in large areathdreffects of different weighting levels
in the objective function and different numberstefations in the search algorithm on
the quality of optimal solution, both scenarios doded that there were no significant
differences in optimal values. However, only 1@bations produced significantly
lower improvements than were obtained for highenbers of iterations (p<0.05).
Results suggested that 500 iterations at each ratope would be appropriate to

obtain reasonable optimal solutions with reasonabiaing time.
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Chapter 5 summarized the results found in reviewoitaborative
transportation management (CTM) that has recemiiynlput forward as a new
opportunity for improving the efficiency of trangpation systems in the forest
trucking industry. The review of literatures corad that the application of CTM
between two or more trucking companies that aratéztin the same region, ship their
products to the same markets or retailers, anegghair shipping information and
their trucks could eliminate inefficiencies in ttnansportation process and reduce total
fleet size required to haul their products, theredmucing costs. This chapter also
described how to manage the leadership of a tratamm coalition and how to select
participants for building efficient collaborativeahsportation systems. In particular, a
key issue of CTM was how savings should be distethamong the collaboration
participants. To address the questions of thigissuo saving allocation methods
under the different behavior of leading player #mée different EPM methods were
reviewed. The final step of the literature reviehated to how to implement
collaborative transportation in a woody biomasagpmrtation industry. Finally, we
proposed the concept of a web-based collaboragtweark system for woody biomass
transportation and presented the optimal truckdwlimeg problem for a CTM system
between two participants. The mathematical fornadf this problem was
developed by expanding the optimal truck schedulioglel developed in Chapter 4.

In this model, the objective function was to mirnzing the difference in relative

savings between the two participants.
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This study strived to address an array of questieladed to the logistic
transportation system and management strategiegofody biomass transportation
from saw-mills to conversion plants on off-foresads. We recognize that there are a

number of limitations in this dissertation.

Firstly, current research efforts in this disséotatvere limited to woody
biomass supply chains on off-forest roads. Funtesearch needs to be extended to
the transportation problem for transporting foresidues from harvesting areas since
there are differences in travel conditions on foreads and loading operations in

harvesting sites compared to transporting milledhess on highway.

Secondly, truck costs and scheduling models wereldped from woody
biomass transportation data operated in westergddrand southern Washington.
Therefore, it may be difficult to apply the resudfsthis study to other regions which
have different woody material characteristics (saslspecies, water contents and bulk
density) as well as different weather conditiond @affic conditions. Further research
needs to determine how broadly these findings andiderations can be applied to

other regions.

Thirdly, the travel time prediction model that waesveloped was limited to
estimating only loaded travel time. Further workulebbe needed to estimate more
accurate total travel times and costs, althoudlemihces in travel speeds between
loaded and unloaded trucks carrying forest materray be less than 10% (B. Boyer

2010 personal communication). In our truck schedumodel, working hours were
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limited to 10 hours of working time per day. Ousearch indicated that some single
trips having one-way trip distances greater thahrd8es needed over 10 hours to
complete at the loading, travel and unloading taSksrefore, further work needs to

be undertaken on how best to model the relaxatiadhe working hours constraint.

In the chapter 5, we just reviewed the frameworlC®M and proposed the
concept of a web-based collaborative network systermwoody biomass
transportation. Future work should focus on theettgpment of a web-based CTM
system for a woody biomass supply chain. Vitahis work is developing a range of
cost/saving allocation algorithms for woody biomaassportation to ensure the right

distribution among participants of the benefitsanitd by the collaboration.

Despite these limitations, it is expected thatkhewledge from these studies
will lead to increased transportation efficiencythe trucking industry and improve

the utilization of woody biomass for energy prodioict
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APPENDIX

Table A.1 Length (in mile) and classification oaitbsegments along 107 routes from sawmills to gnaemts in western

Oregon
Road classes (Miles) Total Travel
distance time
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 1B (Miles) (Min.)

1 0.0 0.0 0.0 0.0 0. 0.p 0/0 (0]{0] g.0 .0 D.0 0.0 .0 [0 0.0 0.0 0.0 9.9 129.0 138)9 1%8

2 1.9 0.7 1.4 0.0 1.9 0.8 05 Oj1 233 4.2 p.7 0.68.3 2.1 2.5 0.6 13.¢ 42.7 116|5 168

3 0.2 0.0 0.0 0.0 0.7 0.1 0/0 (0]{0] 41 1 D.0 0.0 .26 0.1 0.0 0.1 9.3 152.0 172)6 226

4 0.7 0.3 0.1 0.4 4.5 0.6 0J7 o0 271.7 4.7 p.7 0.27.3 25 1.6 00 22 8.4 104{2 143

5 0.0 0.0 0.0 0.4 0. 0.p 0/0 0|0 26 .0 D.0 0.0 .1 |0 0.0 0.0 0.0 4.9 113.0 120/9 132

6 0.0 0.0 0.0 0.4 1.0 0.p 0/0 00 20.3 .0 D.0 0.08.4 0.0 0.0 0.0 14.4 108.p 1526 208

7 0.3 0.0 0.0 0.4 0.4 0.p 0/0 00 12.0 2 D.1 0.05.4 0.1 0.0 00 189 28.3 76{1 122

8 0.7 0.3 0.1 0.0 4.5 0.6 07 oj0 27.7 4.7 p.7 0.27.3 2.5 1.6 0.0 12.7 0.p 86,2 121

9 0.4 0.1 0.1 0.0 3.3 1.1 0.8 0j0 30.3 .0 1.0 0.20.5 35 1.0 0.0 10. 13.p 87|11 109
10 0.5 0.2 0.1] 0.0 4. 0.b 0J8 00 28.0 b.7 3.7 0.26.3 1.9 15 0.0 11.6 2.8 87(4 118
11 0.0 0.0 0.0 0.0 0. 0.p (0](0] 0.0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.00 13.8 30.f 44/5 61
12 0.7 0.3 0.1 0.0 3.4 0.p o7 00 259 1.7 R.7 0.25.7 2.3 15 0. 14.8 8.4 92|12 157
13 0.7 0.3 0.1 0.0 4. 0.p o7 00 27.1 1.6 R.7 0.27.2 22 1.6 0.4 6.9 0.p 7816 g
14 0.0 0.0 0.0 0.0 0.4 0.p ojo 0/0 1.4 .0 D.0 0.06.3 0.0 0.0 0.0 8.4 20.1 4218 60
15 0.0 0.0 0.0 0.0 0.2 0.p ojo 0,0 8.1 .0 D.0 0.03.2 0.0 0.0 0.0 54 13.5 30/9 45
16 0.0 0.0 0.0 0.0 0.4 0.p 0J0 0.0 1.4 .0 D.0 0.06.3 0.0 0.0 0.0 13.1 4.4 315 60
17 0.8 0.2 0.0 0.0 2.9 0.p 051 00 374 1.5 0.4 0.27.6 0.9 0.5 0.0 15. 1533 2414 284
18 0.7 0.3 0.1] 0.0 4. 0.6 0J7 00 26.9 1.7 2.7 0.26.8 25 1.6 0.0 20.4 82.0 174{2 283
19 0.0 0.0 0.0 0.0 0. 0.p (0](0] 0.0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.0 9.9 129.0 138(9 158
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Table A.1 Continued

Road classes (Miles) Total Travel
distance time
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 1B (Miles) (Min.)
20 19 0.7 1.4 0.0 19 0.B 0/5 o1 223 1.2 R.7 0.68.4 21 25 04 13.6 427 1165 168
21 0.2 0.0 0.0 0.0 0.7 0.p oo 0,0 4.1 A D.0 0.06.2 0.0 0.0 0.0 9.3 152.0 172[6 226
22 0.0 0.0 0.0 0.0 0. 0.p oo 0/0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.0 9.4 117.7 127{3 161
23 0.0 0.0 0.0 0.0 0.2 0.p oo 0,0 2.6 .0 D.0 0.00.2 0.0 0.0 0.0 5.4 113.0 121{0 182
24 0.7 0.3 0.1 0.0 45 0.p o7 00 277 1.7 R.7 0.27.3 25 1.6 09 223 8.4 104{2 143
25 0.0 0.0 0.0 0.0 1. 0.p oo 00 20.3 D.0 0.0 0.08.4 0.0 0.0 0.0 14.4 108.0 1526 208
26 0.3 0.0 0.0 0.0 0. 0.p oo 00 12.0 D.2 0.1 0.05.4 0.1 0.0 09 241 276 80(5 129
27 0.3 0.0 0.0 0.0 0. 0.p oo 00 12.0 D.2 0.1 0.05.4 0.1 0.0 09 19 283 76(1 1p2
28 0.0 0.0 0.0 0.0 0. 0.p ojo 0,0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.00 13.4 30.7 445 61
29 0.7 0.3 0.1 0.0 3.4 0.p o7 00 259 1.7 R.7 0.25.8 2.3 15 09 148 8.4 92|12 157
30 0.7 0.3 0.1 0.0 4.2 0.p o7 00 26.9 1.7 R.7 0.26.8 25 1.6 009 146 8.6 95/0 135
31 0.7 0.3 0.1 0.0 4. 0.p o7 00 27.1 1.6 R.7 0.27.2 22 1.6 0.0 6.9 0.p 78{7 112
32 0.8 0.2 0.0 0.0 2.9 0.p ojo 00 374 1.5 0.4 0.27.6 1.0 0.5 009 158 1533 2415 284
33 0.7 0.3 0.1 0.0 4. 0.p o7 00 27.1 1.6 R.7 0.27.2 22 1.6 0.0 6.9 0.p 78{7 90
34 0.7 0.3 0.1 0.0 4. 0.p o7 00 26.9 1.7 R.7 0.26.9 25 1.6 09 204 82.0 1742 283
35 0.0 0.0 0.0 0.0 0. 0.p ojo 0,0 9.6 .0 D.0 0.00.0 0.0 0.0 0.0 10. 87.8 107{0 142
36 4.8 0.3 0.3 0.1 75 0.8 ol6 03 447 1.7 P.3 0.47.1 3.8 4.4 1.8 182 0.p 142[1 1y5
37 0.2 0.0 0.0 0.0 0. 0.p ojo 0,0 6.1 .0 D.0 0.09.0 0.0 0.0 0.0 124 113 1419 179
38 19 0.0 0.1 0.0 2.9 0.B of1 00 213 D.6 0.4 0.22.2 0.7 0.5 0.4 7.3 39.6 98/6 148
39 2.8 0.2 0.1 0.0 4, 04 02 00 37.6 1.6 0.8 0.29.7 13 0.7 0.4 7.9 4.9 930 156
40 0.0 0.0 0.0 0.0 0. 0.p oo 0,0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.0 79 95.6 103|5 127
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Table A.1 Continued

Road classes (Miles) Total Travel
distance time
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 1B (Miles) (Min.)
41 0.0 0.0 0.0 0.0 0. 0.p oo 0,0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.0 5.1 9.5 146 32
42 0.0 0.0 0.0 0.0 0. 0.p oo 0,0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.0 1.3 0.0 1B 18
43 0.0 0.0 0.0 0.0 0. 0.p oo 0/0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.0 9.5 30.y 40)2 56
44 0.7 0.3 0.1 0.0 45 0.p o7 00 27.7 1.7 R.7 0.27.3 25 1.6 049 127 0.p 86|3 142
45 0.0 0.0 0.0 0.0 0. 0.p oo 0,0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.0 9.5 170.p 179(5 225
46 0.0 0.0 0.0 0.0 0. 0.p oo 0/0 2.2 3 D.0 0.02.6 0.0 0.0 0.0 6.4 427 544 60
47 0.2 0.0 0.0 0.0 0.2 0.p oo 0/0 2.3 .0 D.0 0.04.9 0.0 0.0 0.00 11.3 152.p 171/0 210
48 0.7 0.3 0.1 0.0 45 0.p o7 00 27.7 1.7 R.7 0.27.3 25 1.6 09 22 4.4 99/9 138
49 0.0 0.0 0.0 0.0 0. 0.p ojo 0,0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.00 104 4.4 1543 30
50 0.0 0.0 0.0 0.0 0. 0.p ojo 0,0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.00 13.4 30.7 445 62
51 0.7 0.3 0.1 0.0 3.4 0.p o7 00 25.6 1.7 R.7 0.24.6 2.3 15 0.0 6.1 0.p 7413 92
52 0.7 0.3 0.1 0.0 4.2 0.p o7 00 26.9 1.7 R.7 0.26.8 25 1.6 0g 188 8.6 99/2 133
53 16 0.4 0.2 0.0 32 0.b o7 00 299 1.5 3.3 0.24.8 1.8 21 0.7 94 0.p 832 128
54 0.7 0.2 0.0 0.0 1. 0.p ojo 00 113 D.0 0.0 0.04.6 0.0 0.0 009 16.4 1300 1750 216
55 6.6 16 0.3 0.0 7.4 0. o7 00 535 r.3 8.5 0.85.1 45 3.4 0.1 19.8 0.p 165[4 218
56 0.0 0.0 0.0 0.0 0. 0.p ojo 0,0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.0 9.9 A 8716 113
57 0.7 0.3 0.1 0.0 1. 04 ol6 00 22.6 B.3 .8 0.28.0 1.8 13 0.0 2.5 0.p 560 67
58 0.7 0.3 0.1 0.0 1. 04 ol6 00 22.6 B.3 .8 0.28.0 1.8 13 0.0 9.1 8. 716 90
59 0.7 0.3 0.1 0.0 1. 04 ol6 00 22.6 B.3 .8 0.28.0 1.8 13 0.0 2.5 0.p 560 69
60 0.0 0.0 0.0 0.0 27 0.p of1 0,0 8.8 1.8 D.5 0.11.7 2.3 0.9 0.0 4.4 0.0 3333 43
61 0.7 0.3 0.1 0.0 45 0.p o7 00 277 1.7 R.7 0.27.3 25 1.6 09 127 0.p 86|3 118
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Table A.1 Continued

Road classes (Miles) Total Travel
distance time
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 1B (Miles) (Min.)
62 0.4 0.0 0.0 0.0 0. 0.p oo 0,0 6.2 .5 D.0 0.15.4 0.1 0.0 0.2 8.4 152.0 174{3 228
63 0.2 0.0 0.0 0.0 0.4 0.p oo 0,0 6.1 .0 D.0 0.09.0 0.0 0.0 0.0 17.4 182 216[1 275
64 0.7 0.3 0.1 0.0 45 0.p o7 00 277 1.7 R.7 0.27.3 25 1.6 049 127 0.p 86|3 145
65 0.0 0.0 0.0 0.0 0. 0.p oo 0,0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.0l 14.7 1947 208(9 270
66 0.0 0.0 0.0 0.0 0. 0.p oo 0,0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.00 104 233 244l6 341
67 0.9 0.0 0.0 0.0 2.2 0.p oo 00 12.1 D.7 0.0 0.01.8 0.9 0.3 09 144 258 68(6 1
68 0.9 0.0 0.0 0.0 2.2 0.p oo 00 12.1 D.7 0.0 0.01.8 0.9 0.3 0.0 8. 258 62/8 82
69 0.9 0.0 0.0 0.0 2.2 0.p oo 00 12.1 D.7 0.0 0.01.8 0.9 0.3 009 116 1410 1815 236
70 16 0.3 0.1 0.0 6. 0.p o7 00 39.8 5.5 R.7 0.29.1 3.3 1.8 009 276 54.0 184/0 259
71 0.9 0.0 0.0 0.0 2.2 0.p ojo 00 12.1 D.7 0.0 0.01.8 0.9 0.3 0.0 8. 253 62/8 86
72 0.7 0.3 0.1 0.0 3.4 0.p o7 00 25.6 1.7 R.7 0.24.6 2.3 15 009 136 82.0 1632 1p5
73 0.7 0.3 0.1 0.0 3.4 0.p o7 00 25.6 1.7 R.7 0.24.6 2.3 15 09 143 8.6 90{3 122
74 0.7 0.3 0.1 0.0 3.4 0.p o7 00 25.6 1.7 R.7 0.24.6 2.3 15 0.0 7.1 0.p 747 105
75 0.9 0.1 0.0 0.0 2.9 0.p ojo 00 36.3 p.6 0.4 0.26.9 17 0.5 09 16.7 31b 120.6 158
76 0.7 0.3 0.1 0.0 45 0.p o7 00 277 1.7 R.7 0.27.3 25 1.6 09 223 82.0 177/8 2p2
77 0.9 0.1 0.0 0.0 2.9 0.p ojo 00 36.3 p.6 0.4 0.26.9 17 0.5 09 16.7 31b 120.6 166
78 0.7 0.3 0.1 0.0 45 0.p o7 00 27.7 1.7 R.7 0.27.3 25 1.6 09 158 0.p 89|3 125
79 0.7 0.3 0.1 0.0 45 0.p o7 00 277 1.7 R.7 0.27.3 25 1.6 09 229 8.6 105(0 144
80 2.8 0.6 1.4 0.1 4.4 0.p 03 00 483 B.1 0.8 0.86.0 1.8 1.6 09 159 0.p 127(2 182
81 0.0 0.0 0.0 0.0 0. 0.p oo 0,0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.0 7.2 55.8 62/5 82
82 0.8 0.2 0.0 0.0 2.9 0.p oo 00 374 1.5 0.4 0.27.6 1.0 0.5 0.0 9.4 12.6 94/8 112
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Table A.1 Continued

Road classes (Miles) Total Travel
distance time
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 1B (Miles) (Min.)
83 0.0 0.0 0.0 0.0 0. 0.p oo 0,0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.0 7.2 55.8 62/5 82
84 0.0 0.0 0.0 0.0 0. 0.p oo 0,0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.0 9.3 170.p 179(3 212
85 0.0 0.0 0.0 0.0 0. 0.p oo 0/0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.0 3.4 39.5 4313 87
86 0.0 0.0 0.0 0.0 0. 0.p oo 0,0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.0 4.7 22.8 275 43
87 0.0 0.0 0.0 0.0 0. 0.p oo 0,0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.0 9.2 50.4 596 17
88 0.0 0.0 0.0 0.0 0.4 0.p oo 0/0 1.4 .0 D.0 0.06.3 0.0 0.0 0.0 13.1 4.4 315 45
89 0.0 0.0 0.0 0.0 0.4 0.p oo 0/0 1.4 .0 D.0 0.06.3 0.0 0.0 0.0 13.1 4.4 315 60
90 0.0 0.0 0.0 0.0 0.4 0.p oo 0,0 1.4 .0 D.0 0.06.3 0.0 0.0 0.0 8.7 20.1 4218 60
91 0.0 0.0 0.0 0.0 0. 0.p ojo 0,0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.0 2.7 89.8 92/5 116
92 0.7 0.3 0.1 0.0 4.2 0.p o7 00 26.9 1.7 R.7 0.26.8 25 1.6 049 127 0.p 84|6 110
93 0.0 0.0 0.0 0.0 0. 0.p oo 0,0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.0 7.1 74.6 81[7 112
94 0.0 0.0 0.0 0.0 0. 0.p oo 0,0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.0 8.2 0.0 8. 22
95 0.0 0.0 0.0 0.0 0. 0.p ojo 0,0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.0 2.7 89.8 92/5 127
96 0.0 0.0 0.0 0.0 0. 0.p ojo 0,0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.0 8.4 89.8 983 145
97 0.0 0.0 0.0 0.0 0. 0.p ojo 0/0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.0 8.7 0.0 8.p 20
98 0.7 0.3 0.1 0.0 4.2 0.p o7 00 26.9 1.7 R.7 0.26.8 25 1.6 009 125% 0.p 84|4 110
99 0.0 0.0 0.0 0.0 0. 0.p ojo 0,0 Q.0 .0 D.0 0.00.0 0.0 0.0 0.0 9.5 152.0 161{5 201
100 2.3 0.7 0.1 0.4 11 o.n 0|0 00 28.0 P.0 0.3 2|0.19.3 17 15 0.0 8. 106/0 171.3 1B2
101 2.3 0.7 0.1 0.4 11 o.n 0|0 00 28.0 P.0 0.3 2|0.19.3 17 15 0.0 8.6 3238 98(3 185
102 2.3 0.7 0.1 0.4 11 o.n 0|0 00 28.0 P.0 0.3 2|0.19.3 17 15 0. 138 106/0 177.1 236
103 0.3 0.0 0.0 0.4 0.8 0p 0|0 00 12.0 D.2 0.1 0|0.15.4 0.1 0.0 0.9 239 2716 804 7
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Table A.1 Continued

Road classes (Miles) Total Travel

distance time

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 (Miles) (Min.)
104 2.8 0.2 0.1 0.4 4.3 (%3 0|2 00 376 1.6 0.8 2 |0.29.7 13 0.7 0.4 6.9 4. 9210 138
105 0.9 0.2 0.0 0.4 14 on 0j1 00 16.3 1.0 0.3 010. 75 0.7 0.2 0.1 2. 2.6 33{2 49
106 0.4 0.0 0.0 0.4 0.y 0.p 0/0 00 125 D.0 0.0 0 |0. 4.8 0.0 0.0 0.0 8.9 1001 127|4 165
107 0.9 0.0 0.0 0.4 15 0.p 0/0 00 18.6 D.5 0.0 1 |0.10.1 0.1 0.0 0.2 6.6 17.9 56|6 [3




