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TASK 3. REFINE COLLECTION AND TRANSPORT
MODELS FOR REGIONAL MODELING

1. Introduction to Task 3

The main goal of Task 3 is to develop collection and transport models for regional
modeling. In order to understand productivity and costs we developed models for
biomass collection (Section 2), comminution, and transport at the operational level
(Section 3), including the importance of truck-machine interference and balancing
(Section 4) so that a general model could be developed (Section 5). Conclusions for
biomass collection and transport are developed in Section 6 and generalized costs
for regional NARA (NARA, 2011) feedstock modeling are developed in Section 7.

Forest residues consist of a mixture of limbs, tops and different tree parts that do
not meet the utilization standards for pulpwood and sawtimber. Forest residues
are usually piled after logging operations. The volume in each pile is dependent
upon the harvesting method, species mixture, and wood markets. The size of the
available material is highly variable especially in low pulpwood markets (Figure FL-
3.1.). Perez-Garcia et al. (2012) reported in western Washington that top diameter
inside bark (dib) utilized of conifer species was 7.5 cm larger without merchandizing
for pulp logs and up to 12.5 cm larger in alder. With pulpwood markets, residue
piles consist of pieces with a diameter ranging from 5 to 10 cm and 1 to 4 m long.
Log-butts are also found in some landing piles, with heavier concentrations where
logs are processed for export. In strong pulpwood markets, the log butts may be
collected with bin trucks. In areas without pulp markets, Kizha and Han (2016) have
found that sorting residues can be effective due to the volume of residues that can
be chipped as opposed to ground.

Depending upon the time between harvesting and the forest biomass processing
operations, different amounts of leaves (or needles) can be found within the pile. As
the pile dries, needles and leaves tend to fall apart from the woody stem. Moisture
content of forest residues is dependent upon the time between the end of the forest
harvesting and the start of the forest biomass operations, the species mixture

and climatic conditions of the site (see Task 2: Develop Moisture Management
Strategies and Models). From the economic perspective, as moisture content of

the residues decreases, it is expected that after comminution, the truck can haul
more dry material decreasing transportation costs. Fresh versus aged residues

have additional sugar yield implications, which were discussed in Task 2: Develop
Moisture Management Strategies and Models.

This document draws heavily from published peer reviewed manuscripts developed
by investigators in the NARA project. In particular, we recognize:
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Section 2. Zamora-Cristales, R. and J. Sessions. 2016. A collection model for forest
biomass residues. Croatian J. of Forest Engineering 3(2):287-296.

Section 3. Zamora-Cristales, R., K. Boston, J. Sessions, and G. Murphy.
2013. Stochastic simulation and optimization of mobile chipping economics in
processing and transport of forest biomass from residues. Silva Fennica 47(5):1-21

Section 4. Zamora-Cristales, R., J. Sessions, G. Murphy and K. Boston. 2013.
Economic impact of truck-machine interference in forest biomass recovery
operations on steep terrain. Forest Products Journal 63(56):162-173.

Section 5. Zamora-Cristales, R., J. Sessions, K. Boston and G. Murphy 2015.
Economic Optimization of Forest Biomass Processing and Transport in the Pacific
Northwest. Forest Science 61 (2): 220-234.

Figure FL-3.1. Forest residue piles in Elkton, Oregon, USA.

2. Modeling Biomass Collection

Whole tree logging is the most common form of harvesting on state and private
lands in the NARA region. On steeper terrain, residues are available at log landings.
In whole tree logging, forest harvest residues are often available at roadside
landings as a byproduct of the log manufacturing process. On flatter terrain,
however, there is a significant amount of residues that do not reach the landing
during logging (breakage during dragging) and could potentially increase the supply
of residues from each harvest unit. In cut-to-length operations, forest residues such
as tops and limbs are usually left dispersed on the ground during the delimbing and
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log bucking process. Forest residues could be chipped in place by mobile chippers
or collected and moved to roadside for chipping or grinding at roadside points. Or,
it could be bundled and bundles forwarded to roadside. In western North America
neither the bundler nor the mobile chipper have been economical (Zamora-
Cristales et al., 2015). Instead, the gathering of residues involves excavator-base
loaders or forwarders to collect and transport the residue to roadside locations for
processing. Collection costs are a function of the distance from the collection point
to the roadside landing, terrain conditions, and system productivity. The farther
the collection point is, the higher the biomass cost will be. Equipment balancing

is important in some system configurations where loaders and forwarders interact
between different tasks that can affect the productivity of the whole collection
system. Terrain conditions affect maneuverability and may prevent the forwarder
from using the shortest route to reach the landing due to ridges and severe slope
changes. The objective of this study was to develop a spatial simulation model

to estimate the collection cost of harvest residues for different forwarder-loader
configurations at the operational level. Identifying the collection cost of forest
residues will help to improve biomass supply cost estimation. The scope of this
paper considers harvest units with slope gradients less than 30%. The model
calculates the cost of collection from different locations in the forest to the most
cost effective landing. The problem to be solved is to accurately estimate the cost of
collection given the distance, terrain conditions and machine productivity.

2.1. Relevant Literature

Previous studies concentrate their analyses in the processing (grinding or chipping)
and transportation, and very few involve the collection from the forest to the
landing. Anderson et al. (2012) discussed the use of end-dump trucks to transport
the material to a centralized yard; however collection from the forest site to roadside
was not discussed. In Canada, Yemshanov et al. (2014) found that forwarding
biomass from the forest to the landing is inefficient given the low bulk density of the
harvest residues, but the effect of cost at different distances from the landing was
not discussed. Grushecky et al. (2007) evaluated extraction costs in southern West
Virginia, using grapple skidders. The authors identified the extraction cost versus
average extraction distance however the study only considered straight line average
skidding distance thus not considering the effect of terrain conditions. Others have
used digital terrain models to plan skid trails (Tucek and Pacola, 1999; Bohle, 2005)
and evaluate optimal landing location (Contreras and Chung, 2007). Rerstad et al.
(2010) developed an engineering model for estimating forest harvest residue cost
using a forwarder with self-loader. Lacking actual data on harvest residues they
adjusted data from Laitila et al. (2005). Their distance from stand to landing was
estimated in GIS, but was done at a regional level. Spinelli et al. (2014) develop a
simulation model to compare productivity and cost of chipping at the yarding site
(not accessible for large trucks) and chipping at a roadside landing using a forwarder
to transport the unprocessed residue from the yarding site to the roadside landing.
Forwarding residues to the landing resulted in a more expensive operation having
the forwarding distance as the most important factor affecting the cost.

The model developed in the NARA project, on a harvest unit basis, considers

the effect of the terrain, is based on field-collected data, and considers system
configurations not previously documented in the literature. A GIS-based raster
system is used to limit the travel of the forwarder to gentle terrain when possible
or at least minimizing the travel on steep slope zones although this may require
traveling through a longer trail. It assumes that rubber-tired vehicles are
permitted on the forest harvest site. Beginning in the 1960’s, some landowners

in western Oregon and western Washington stopped using rubber-tired skidders
on compactible, high site forest soils, preferring cable logging to protect soil
productivity (Fisher, 1999). In the early 1970’s excavator-base loaders were
introduced for yarding logs and trees to roadside. The excavator-base loader
(shovel) equipped with wide tracks (low ground pressure) and high clearance makes
one pass across the harvest site limiting soil disturbance. The high productivity of
this one-man system for yarding and loading led to its quick adoption throughout
the region. Concern over using rubber-tired vehicles lingers; some forest managers
remain concerned about potential post-harvest site damage from high tonnage
rubber-tired forwarders collecting low value harvest residues after the forest site
was protected using the one pass shovel logging method.

2.2. Collection Systems

The collection of forest biomass requires concentrating the scattered residues

at collection points. In the Pacific Northwest, USA, this is usually performed by

an excavator-base loader. If the residues are close to the road (usually less than

50 m), they can be collected using an excavator-base loader that swings the
residues directly to the landing. At longer distances the use of alternative and more
productive equipment, such as forwarders, are used to access the material and
transport it to the landing. Forwarders are equipped with a self-loading grapple
crane that allows the forwarder to operate independent of a dedicated loading
machine. The conventional forwarder was designed for loading logs, not forest
residues. Using the self-loading system for forest residues can be challenging due
to the limited visibility of the operator while putting the material in the bunk and
the limited reach and capacity of the loading boom. In biomass recovery operations
in the Pacific Northwest, USA, forwarders are sometimes loaded using excavator-
base loaders equipped with fully rotating grapples that facilitate the handling of
residues. Once the forwarder is fully loaded, it returns to the landing and unloads.
Equipment balancing is important to keep all equipment elements producing to
optimal capacity. The farther the collection point is from the landing, the more
expensive it is to collect the residue because the forwarder has to spend more time
traveling, thus decreasing the forwarder productivity (Figure FL-3.2). The use of two
forwarders per loader helps to minimize the impact of the distance on forwarding
productivity however traffic along the trails can cause machine interference. Once
the material is at the landing, it is commonly processed using grinding to increase
the bulk density of the material and facilitate transport and further handling. Other
equipment such as off-highway dump trucks with skidder tires could be used to
move the residues however the use of this equipment on forest soils could cause

FEEDSTOCK LOGISTICS - TASK 3. REFINE COLLECTION AND TRANSPORT MODELS FOR REGIONAL MODELING - PART 4 OF 6 | FINAL REPORT




more soil compaction compared to the multi-axle forwarders using wheel tracks. . point every 30 mis generated and stored to represent the location of the forest

residue (Figure FL-3.3).
Thus, at least five systems can be used alone or in combination:

System 1 - Excavator-base loader, working alone

System 2 - Forwarder self-loading

System 3 - Forwarder loaded by excavator-base loader

System 4 - Two forwarders loaded by one excavator-base loader

System 5 - As above, but the loader is manned by the forwarder operators, in turn

. Potential road-side landings

o Potential forest residue
locations

Grinder

To Bioenergy
conversion facility

©o 0o © 0 ©oo © 0 0 ¢

Cost (§ 1) /
Distance from the landing
Figure FL-3.2. Description of the forest residue collection problem (Zamora-Cristales and Sessions, 2016). * Figure FL-3.3. Spatial description of the residue collection problem from different locations within the harvest

unit to potential roadside landings.

The time and productivity of each system, s, can be defined by
Landing locations are typically selected by their accessibility for trucks and

1;: ==2;s0‘/|'TbsLX E} available turnarounds. In this model we selected all the logging landings and
Cs _ Costs /Ps 3] loading points as potential candidates for roadside residue concentration. The main

criteria for establishing a residue landing is that it has to provide good access for
chip vans and enough space to place residue and processing equipment. Chip vans
compared to log trucks have several limitations depending on road characteristics
such as trailer low ground clearance and less traction in the rear axles when
traveling empty among others (Sessions et al., 2010; Zamora-Cristales, 2013b). Once
the unit boundaries, potential landings and concentration points are defined we
developed a computerized GIS model to design the forwarder trails given the terrain
conditions.

Where T is thetime per trip in minutes, a_is the fixed component of the trip not
related to distance, b_is time per ton-km, x is the travel distance in km, P_is the
productivity in tonnes per hour, L _is the load per trip in tonnes, Cost_is the cost
per unit time (hours) and C_is the cost per unit volume in dollars per tonne. The
objective is to find the system or combination of systems that minimizes total
collection cost including mobilization costs.

2.3. Materials and Methods

The analysis for modeling forest residue collection starts at the forest unit by
identifying the boundaries, potential spatial location of residues and candidate
landings. In this model a grid-type approach is used to cover the entire unit and
estimate the cost of each potential residue location to the roadside landings. A
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2.4. Computerized Identification of Forwarder Trails

Forwarder trails need to be identified to accurately estimate the forwarding cost.
Assuming an average forwarding distance for the entire harvest unit could lead to
underestimating or overestimating the cost depending on the assumed distribution
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of residues among candidate roadside landings. Assuming a straight line distance
from the collection point to the landing could also lead to misleading results given
thatin actual conditions, operators tend to avoid difficult terrain or abrupt edges
when traveling in the forest thus, traveling longer paths. To create the computerized
forwarder trails a 10 m digital elevation model (DEM) was used to derive a slope
raster image to create the feasible paths. All the spatial data processing was made
using ArcMap 10.0 (ESRI, 2012). The slope raster image allowed us to analyze
potential areas that will be difficult for the forwarder to travel on. The slope raster
image was then reclassified to clearly separate areas with slopes greater than 30%.
Once the slope rasters images were reclassified, we created a cost distance raster
image to estimate the cost of each pixel to each of the potential landings. Then,

a cost path raster image was created to calculate the least cost path from each
harvest residue location to the most cost-effective landing. Once the least cost
paths are created we converted them into a vector polyline for further processing
using the network analyst extension to create the optimal forwarder paths. Finally,
a kriging technique (Oliver, 1990) was used to create a continuous cost map that
clearly shows the cost of collecting the residues at different distances.

2.5. Simulation Model

For system 1, the excavator-base loader worked alone; in system 2, one forwarder
worked alone. A simple time study determined the production coefficients as there
was no significant effect of equipment interaction. However, systems 3-5 depend
upon equipment interactions (Figure FL-3.4). A simulation model was created in a
Rockwell Arena software environment (ROCKWELL, 2015).

System 3 is represented by one forwarder being loaded by the excavator-base
loader. The simulation model in this system starts when one of the forwarders is
moving unloaded to the forest residue collection point. At the collection location
the excavator-base loader is simultaneously concentrating material for the
forwarders. As the forwarder arrives at the collection point the excavator-base
loader proceeds to load it as long as there is enough piled material. If not enough
material is available for the forwarder to be loaded, the forwarder has to wait. After
the forwarder is loaded, it travels back to the landing and unloads the residue.

In System 4, two forwarders loaded by one excavator-base loader is similar to
System 3, except that only one forwarder is allowed to travel along the trail at a
time, thus minimizing interference along the trail. System 5 includes the use of two
forwarders loaded by one excavator-base loader. This system is different from the
other systems in the sense that the same operator operates the forwarder and the
loader. This is similar to sharing a log loader among truck drivers. This system is
only feasible if the material is already concentrated so the excavator-base loader is
only used for loading the forwarder. As the forwarder reaches the collection point,
the operator moves to the excavator-base loader and proceeds with loading the
forwarder.

Forwarder simulation Model

Start New
Fowarder

Traveling to
collection site

Enough

Wait for the

material loader

piled?

Loading

—

Traveling to
No landing
—

)

timeNow Unloading

> max
hours

Moving
Unloaded

Unloading . % _ .
. Simu!atfon. Loading . Piling

Moving
Loaded

) —

Figure FL-3.4. General description of the simulation model. (Zamora-Cristales et al. 2013a)
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For the purpose of determining production rates a time study was undertaken

to calculate average time per swing of the excavator grapple, time per swing of
the forwarder grapple, volume in the excavator grapple, volume in the forwarder
grapple, load on the forwarder, and speed of the forwarder. During the time study
the number of grapple loads per forwarder load of each type of grapple was
recorded and each individual forwarder load was put into an end-dump truck and
weighed at the mill yard.

2.6. Study Site

Source data for the simulation model was collected from a residue collection
operation. We performed a time and motion study on a harvest unit located 24.5
km southwest of Springfield, Oregon, USA (43° 53’ 59”N, 122° 47’ 9” W). Douglas-fir
(Pseudotsuga menziesii) forest residues were dispersed over a 16.4 ha unit following
whole tree harvest by shovel logging. Residue consisted of branches and tops with
an average diameter ranging from 5 to 15 cm (p=5.96 cm and 6=2.80 cm). Average
piece length was 1.2 m. A Caterpillar 564 forwarder with a maximum load capacity
of 13,608 kg was used for the test. A Kobelco SK290 LC hydraulic excavator-base
loader was used to concentrate the residue at the loading points and load the
forwarder except for the system where the forwarder self-loaded. A GPS Visiontac
VGPS-900 was placed in the forwarder to track the movements of the machine when
collecting the residues. Each forwarder load was then placed in a 90 m® end-dump
truck and transported to a local mill where the material was weighed. A total of 180
wet tonnes were collected and transported as part of the study. Thirty forwarder
cycles were recorded and data processed. Samples for moisture content were taken
from each load and transported to the laboratory for moisture content estimation
using standard ASTM D4442 for direct moisture content measurement of wood and
wood-based materials.

2.7. Cost Estimation

The forwarder and the excavator-base loader costs were estimated by adapting
Brinker et al’s (2002) machine rate method and validated with the actual contractor
costs. All the costs were expressed in USD 2015 dollars. Hourly costs include
depreciation, insurance/taxes, and interest, labor, repair and maintenance, fuel and
lubricants and profit and risk (10% of total hourly costs). Fuel cost was estimated

to be $0.8 I'*. If the machine is operating (forwarding/loading/piling) then the cost
included all previously listed items. If the machine is idling, (e.g. forwarder waiting
for the loader) then only interest, insurance/taxes, labor cost and profit and risk are
included. Profit and risk is included in the idling time to recognize the opportunity
cost of being not productive in addition to interest on average investment. In this
study, depreciation due to use is considered negligible when the machine is not
operating since the parts are not wearing out. Depreciation due to obsolescence

is considered low for relatively new forest machinery in the Pacific Northwest
region and depends more on the hours of use rather than the year of manufacture

(personal communication, Larry Cumming, Peterson-Pacific Industries, December 9,
2016). Our accounting approach offers advantages over the scheduled/productive
hour approach when dynamic equipment balancing decisions are being made.
Mobilization costs were based on a fixed rent rate of $100 per hour for a lowboy
truck. It was assumed that one machine is transported per truck, and it takes 8
hours to complete delivery of the machine (rates in the region are calculated from
the time the truck leaves the yard until it returns).

2.8. Supply Economics

We estimated the impact of collection cost on the amount of residue that could be
supplied. This was performed by integrating the collection costs with the processing
and truck transportation cost. Transportation costs were calculated for a truck
equipped with a drop-center (possum-belly) trailer with a capacity of 100 m3. The
truck-trailer combination has a maximum allowable legal weight of 40,823 kg. It
was assumed residue is evenly distributed at each collection point defined in the
GIS grid (30 meter) with a biomass volume of 22.3 dry tonnes per hain 16.7 ha,
giving a total of 707.6 dry tonnes of residues. With the transportation cost we ran a
sensitivity analysis to evaluate the amount of residue that could be economically
feasible depending on the distance from the harvest unit to the bioenergy
conversion facility. As the distance from the forest to the bioenergy facility increases
the transportation cost increases, thus limiting the amount of harvest residue that
could economically be recovered. We set four potential prices, $50, $60, $70 and
$80 dollars per oven-dry tonne in order to estimate the maximum collection cost to
break even. Grinding cost and productivity were extracted from Zamora-Cristales et
al. (2013b) for a Peterson 4710B horizontal grinder.

2.9. Results and Discussion for Biomass Collection

2.9.1. System Costs

Moisture content of the samples was estimated in 44% (wet basis). Hourly operating
and idling costs for the forwarder and excavator-base loader are shown in Table FL-
3.1. Labor cost was included in the excavator-base loader cost although in the case
of the one operator system simulation only the cost of one operator was counted.
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Table FL-3.1. Forwarder and excavator-base loader hourly costs, USD.

Operating Costs Idling cost
Loader
Forwarder Kobelco Forwarder Excavator Loader

Item CAT 564 SK290 LC CAT 564  Kobelco SK290 LC
Purchase Price, ($) 361,160 280,000 - -
Ownership costs,

($h™)

Depreciation cost 38.52 29.87 - -
Annual interest 16.37 12.69 16.37 12.69
Annual insurance and taxes 12.04 9.33 12.04 9.33
Annual productive machine
hours 1500 1500 1500 1500
Hourly ownership cost, ($h')  66.93 51.89 28.41 22.03
Variable costs,

($h™

Labor, 33.75 33.75 33.75 33.75
Repair and maintenance, 23.11 17.92 - -
Fuel and lubricants Cost 16.41 16.32 - -
Hourly variable costs, ($ h™) 73.28 67.99 33.75 33.75
Profit and Risk (10% of hourly

variable and ownership cost) 14.02 11.99 14.02 11.99
Total Cost, ($ h™") 154.23 131.87 76.18 67.77

Results from the time and motion study are shown on Table FL-3.2. If the forwarder
is self-loading, then it is difficult to completely fill the bunk. Additionally, it

took more time to load the forwarder due to the reduction in visibility and
maneuverability. Loading the forwarder with the excavator-base loader resulted in
significant decreases in time and increased load volume (Figure FL-3.5), however
this affected the time for the loader to concentrate residue at the forwarder
collection points. The unloading time was consistent with the load size and was
considerably faster than self-loading by the forwarder because the material is
partially pushed out of the bunks instead of grabbed and unloaded. The excavator-
base loader spent 12.6 (6=0.4) minutes in average to pile 7.6 t of wet residue at the
concentration points. During this time, the excavator-base loader spent 0.6 minutes
per swing, with an average grapple load size of 0.36 t of wet residue.

For the harvest unit analyzed, simulation results suggest that the use of two
forwarders and one loader could be the most productive system (Figure FL-3.6)
at longer distances. The productivity of this system is maintained until it reaches
a distance from the landing of 255 m after which the excavator-base loader wait
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Table FL-3.2. Time and motion study results for forwarder productivity in wet tonnes (t) from 30
recorded cycles.

Item Mean SD
Forwarder self-loading (min load™) 8.9 2.5
Forwarder self-unloading (min load™) 5.1 2.8
Excavator loading forwarder (min) 5.2 1.3
Forwarder self-unloading excavator

loaded (min) 6.9 1.3
Travel loaded speed (km h™) 3.0 1.0
Travel unloaded speed (km h™) 4.2 0.8
Forwarder load, excavator loaded (t) 7.6 1.2
Forwarder load size self-loaded (t) 4.8 0.2

Figure FL-3.5. a) Forwarder being loaded by the excavator-base loader; b) Forwarder traveling to the landing.

time is increasing. Using the same operator for both the forwarder and the loader
will maintain productivity but it requires the operator to move between machines
increasing the forwarder waiting time. The self-loading system appears to be the
least productive of the forwarder systems due to the longer loading time compared
to the excavator-base loading system and the reduced payload due to difficult
visibility and grapple maneuverability when loading the forwarder.

The most cost effective option for distances less than 50 m from the roadside
landing to the collection point is the use of the excavator-base loader working
alone. Between 50 and 100 m, the use of one forwarder loaded by the excavator-
base loader is the most cost effective system.
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Figure FL-3.6. Productivity in oven dry tonnes per hour for each of the options.

Beyond 100 m, the two forwarders loaded by a single excavator-base loader is the
most cost efficient and its comparative advantage grows with distance (Figure FL-
3.7). Although the system that uses the same operator for both machines is highly
productive, it has higher cost because the residues would need to be pre-piled
before forwarding operations can begin. The self-loading forwarder has the highest
per unit cost due to the longer collection time and smaller load size (Table FL-3.2).
Figure FL-3.7 shows cost as a function of distance. If the average collection distance
for the harvest unit was greater than 50 m and less than 70 m, then mobilization
costs would probably determine if the excavator-base loader would be used

alone or in combination with a single forwarder. This decision will depend upon
the mobilization cost per unit volume that is a function of the amount of residual
material available. In this example we assumed a mobilization cost of $800 per
machine ($100 h of lowboy cost, contracted for 8 hours). This gave a cost of 1.1, 2.3
and 3.4 dollars per oven dry tonne for one, two and three machines respectively.
This cost assumes that 707.6 oven-dry tonnes are available and recoverable. In

all cases, the excavator-base loader would be used to directly collect residues

until at least the point where its marginal costs exceeded the marginal cost of the
alternatives. Cost for harvesting the study unit are shown on Table FL-3.3.
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Figure FL-3.7. Collection cost in USD per oven dry tonne as a function of the distance from the roadside land-
ing. Mobilization costs are not considered.

Table FL-3.3. Collection cost for each system in the 16.4 ha harvest unit of study (707.6 dry tonnes) and the
optimal solution considering a combination of systems 1, 3, and 4. This includes mobilization cost.

Cost,
System Cost, $ $t!
System 1: Excavator-base loader 42,994 60.8
System 2: Forwarder self-loading 26,399 37.3
System 3: Forwarder loaded by excavator-base loader 17,613 24.9

System 4: Two forwarders loaded by one excavator base-

loader 16,447 232
System 5: Two forwarders loaded by one excavator base-

loader sharing operator 22,630 32.0
Optimal Solution, System 1<50 m; 50 m < System 3 <70
m; System 4 > 70 m 16,180 22.9

2.9.2. Application to the Trail Network

For each potential residue spatial location, a least-cost path to landing was deter-
mined. The processing of the digital elevation model, residue and landing locations
resulted in the optimal location of the forwarder trails (Figure FL-3.8) according to

a slope-weighted shortest path to the closest landing. The forwarder trails were
designed to avoid traveling over abrupt changes in slope and steep areas (<30% in
slope) by penalizing cost rasters on steeper slopes. The total length of forwarder
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trails was 8660 m, occupying about 15% of the harvested area. In Figure FL-3.8,
costs were assigned using the results of Figure FL-3.7 resulting in what we define as
the optimal system cost.

Figure FL-3.8. Cost raster map for: a) optimal costs; b) one forwarder self-loading; c) one forwarder, one loader,

d) two forwarders one loader. Optimal costs combine the excavator-base loader working alone at short dis-
tances with the two forwarders and the excavator-base loader working together at longer distances.

At shorter distances (less than 50 m), the excavator-base loader was used, at
distances between 50 and 70 m, one forwarder and one excavator-base loader
was used and for longer distances greater than 70 m, the two forwarder and one
excavator-based loader system was used. Figures FL-3.8b-d show the cost mapping
if the self-loading forwarder (system 2), one forwarder and one excavator-base
loader (system 3), and two forwarders and one excavator-base loader were used
(system 4) without using the excavator-base loader working alone at the shorter
distances. Average forwarding distance using this harvest unit was 156.4 m. On
the other hand, using the straight line method, the average forwarding distance
for the same unit would be 124.5 m. The straight line average forwarding distance
is 20% less than the actual distance calculated using the raster method, thus
underestimating the forwarding cost.

Because the collection cost varies over the harvest unit, it is possible that,

depending on price and the transportation cost to the bioenergy facility, not all of
the residues will be delivered to roadside, but may either be left piled or burned

in place. Assuming no other forest management benefit to the landowner (for
example, reduced disposal costs, added available planting space, reduced fire risk),
the percentage of biomass that could be available as a function of the distance from
the forest to the bioenergy facility is shown in Figure FL-3.9. At distances longer
than 60 km no residue could be economically recoverable at a gate price of $50 t™.
Similarly, at $60 t*, the maximum transportation distance is 100 km. This procedure
can be adapted for different processing and other transportation configurations to
evaluate potential biomass availability from an economical point of view and can
include other forest management benefits to the owner such as avoided disposal
costs, increased planting space, or reduced fire risk.
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Figure FL-3.9. Non-roadside biomass available at different potential prices at the bioenergy facility gate.

2.10. Conclusions

The utilization of forest residues offers an additional, but low value product from
the forest. In order to provide economic value, the collection model must be well
rationalized. A number of methods can be used to collect forest residues. Currently
in the Pacific NW, only residues close to the road are utilized and those are primarily
collected by an excavator-base loader working alone. We have demonstrated that
a number of methods can be used to collect residues. For the conditions in our
simulation, the excavator-base loader is the least expensive option within 50 m,
between 50 and 70 m a combination of one forwarder and one excavator-base
loader are the most cost effective option and beyond 100 m, a combination of two
forwarders loaded by an excavator-base loader is the least expensive option with
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collection costs increasing modestly up to 240 m. However, if the total forwarding
distance is less than 100 m, it is possible that excavator-base loader working alone
may still be the lowest total cost option due to mobilization costs to bringin a
forwarder. The mobilization cost to move the machinery (forwarders and loader) to
the site is a fixed cost, thus it is important to have a significant amount of biomass
available at the unit to justify the transport and placement of the machinery,
especially for systems that require the use of two forwarders. The excavator-base
loader would always be used to forward the closest material regardless of the
system used at longer distances. The model developed here could be adapted and
used in other conditions. The only required input for the GIS trail identification is
the use of the digital elevation model. Additionally, the model can be extended by
adding other land features such as streams. In this simulation the only physical
barrier for the forwarder was ground slope.

It was assumed that use of forwarders would be permitted. In this example,
forwarder trails covered 15% of the area. Depending on soil considerations,
forwarder trails could be reduced by increased piling by the excavator-base loaders.
This could be represented by larger pixels. An alternative analytical modeling
approach could be mathematical programming that includes soil compaction

and mitigation methods and permits direct control of the area in forwarder trails.
Regardless of the collection system, there is a price point at which some residues
in a harvest unit will not be recovered suggesting that there is a tradeoff between
off-road collection distance and on-road transportation cost. Including other
forest management benefits such as avoided disposal costs will increase economic
collection distances.

3. Modeling Forest Biomass Comminution and Transport

3.1. Comminution

Different machines are available to reduce the size and homogenize the forest
residues in order to facilitate handling and increase bulk density for transportation.
In general, two categories of machines can be identified: chippers and grinders.
Two types of chippers are most commonly found in the market: disc and drum. Disc
chippers consist of a rotating disc containing several knives that perform the wood
cutting. Drum chippers consist in a large drum where the knives are mounted (Van
Loo and Koppejan, 2008).

Stationary chippers have been used for many years in the pulp industry, however
the main difference with respect to the processing of residues is that for the

pulp and paper industry chips are produced from clean pulp logs containing a
low percentage of bark. Instead, forest residues are a heterogeneous material
containing bark and dirt, and other contaminants that affect the life of the knives
(Hubbard et al., 2007).

As knives become dull, productivity decreases and fuel consumption increases
impacting the overall cost of the operation. Nati et al., (2010) analyzed the wood
chips size distribution in relation to the blade wear and screen size. Authors found
that after processing 215 tons of chips, productivity was reduced by 15% and fuel
consumption increased 46%. These two factors were mainly influenced by the knife
wear. Although this study was performed on clean logs, it clearly shows how the
wear in the cutting tools can impact productivity.

Mobile chippers are usually mounted on a forwarder and have an attached bin

in which processed chips are placed (Figure FL-3.10). Mobile chippers can move
between residue piles, process the material, and dump the contents of the bin in
set-out trailers or containers. The use of the mobile chipper has the advantage of
partially decoupling the processing from the transportation since the truck does not
need to be at the site at the moment the loading process is performed.

Disadvantages are that mobile chippers are specialized machines with high fixed
cost. Also productivity is highly affected by the degree of contamination of the
material in relation to soil particles, rocks and other contaminants that increase the
wear in the cutting tool.

Figure FL-3.10. Mobile chipper processing forest residues near Elkton, Oregon, USA. Processing a road-side pile
(left); unloading a bin of chips into a set-out trailer.

Grinders consist on a set of rotating hammers that reduce the particle size by
shredding the material. Unlike the chippers that require cleaner material to avoid
rapid wear of the knives, grinders are less sensitive to the cleanness of the material
since the material is being broken instead of being cut. Two types of grinders are
commonly used in forest biomass recovery operations: horizontal and tub grinders
(Figure FL-3.11). The main difference between these two types of machinery is the
in-feed system. In tub grinders, residues are placed in a rotating tub. The material

is feed into the cutting rotor by gravity. The size of the piece is the main factor that
drives the in-feed speed. The circular tub has the ability to rotate in order to prevent
plugging of the residue inside the tub. The large cross-section of the tub also

allows the processing of wood chunks and larger pieces compared to other types of
grinders. In terms of safety, during the processing process particles of different sizes
can be expelled from the tub representing a risk for persons and machinery working
around the comminution site.
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Figure FL-3.11. Stationary grinders performing in-field processing operations. Horizontal grinder (left) process-
ing residues near Springfield, Oregon USA. Tub Grinder (right) processing residues near Medford, Oregon, USA.

Horizontal grinders have a mechanism to feed the residues horizontally instead of
the vertical loading used in the tub grinders. The material is fed into the grinder
using a feed conveyor, which is followed by a cutting rotor that takes the material
into the grinding compartment (Peterson Pacific Corp, 2012). The horizontal in-feed
system requires a proper loading process to keep productivity and prevent plugging
of the machine. After the material is comminuted, it is loaded into trucks using a
continuous conveyor. In some cases the material can be directly dumped in piles
and then loaded in trucks using front-loaders.

Stationary machinery has to be transported to centralized landings where the
processing is carried out. Although these machines are usually track mounted, the
ability to move within a processing site is limited by the low maneuverability and
reduced speeds (1 km/h). Stationary equipment is tightly coupled to the chip truck
transportation. Stationary grinders need to be accompanied by a loader to feed the
machine with residues.

Both chippers and grinders have engines ranging from 300kW to 800kW. Grinders
usually require larger engines in order to provide the necessary force to comminute
the material. A great amount of fuel is consumed while processing and therefore
high variable cost is also expected.

Abundler is an alternative system to the in-field processing. A mobile bundler can
produce compacted bundles of slash that is wrapped with standard baling twine
and transported to a processing facility. USDA, Forest Service productivity tests
of a mobile bundler indicate that a bundler is a feasible alternative to in-woods
processing if the alternative cost of handling and burning the piles is taking into
account (Rummer et al., 2004). The benefit that can be obtained from the use of
the bundler is that the chipping or grinding of forest residues can be performed
at the bioenergy facility and electricity instead of diesel can be used to power the
machinery reducing the cost of comminution.

3.2. Transportation

Transport of forest residues can be divided into two categories: first stage and
second stage transportation. The first stage transportation consists in the transport
of unprocessed forest residues from original sources to centralized locations. This
process can be performed with the use of bin trucks, hook-lift trucks or dump-
trucks (Figure FL-3.12). These trucks are usually highly maneuverable and small
with capacities ranging between 30 to 40 cubic meters. They provide accessibility to
locations where road conditions do not allow the access to larger trucks. However
the cost of using small trucks such as hook-lift trucks is highly affected by slow
speeds and low bulk density of the unprocessed material (Han et al., 2010). Also
they require an additional loader to load the hook-lift.

Figure FL-3.12. Hook-lift trucks in biomass recovery operations near Eugene, Oregon, USA. The trucks were
transporting residues to a centralized landing where a stationary grinder was located.

Second stage transportation consists in the transport of processed residues (chips
or grindings) from the forest or centralized landings to a bioenergy facility. Chip
vans are commonly used in the United States to transport chips for the pulp and
paper industry and therefore they represent the preferred transport option for the
transport of processed forest residues (Figure FL-3.13). Chip vans consist of a tractor
(truck) and a trailer. Tractors are usually 6x4 tri-axles with engines sizes ranging
from 260-370 kW. Some tractors have an additional drop axle to increase hauling
capacity. Trailers are usually light, open on top (to facilitate the loading) and
contain an extension in the center of the trailer known as a drop-center or possum
belly to increase load capacity.

s

Figure FL-3.13. Chip vans hauling processed forest residues. A 6x4 truck hauling a 16.5 m long drop center
trailer in Rockaway, Oregon, USA (left). A 6x4 truck hauling a 9.75 m drop center trailer in Elkton, Oregon, USA
(right).
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Although these trailer characteristics are beneficial in terms of increasing the
payload, they also cause problems at the moment of transit along tight curves and
steep roads. For example, the drop center extension in the trailer may increase the
difficulty to cross vertical curves, and the light weight of the trailer on the driving
axles may increase tire slip when driving unloaded on steep roads. Additionally off-
tracking usually increases as length of the trailer increases (Sessions et al., 2010).
Typical single chip trailers vary in length from 9.75 m to 16.5 m.

Different trailers can be coupled to one tractor to minimize the hauling cost (Figure
FL-3.14). Double trailers are common in the transport of wood chips or grindings
when the road conditions, in terms of geometry and grade, do not limit this type
of configuration. The use of double trailers increase the total hauling capacity but
individual trailers may not be at full capacity (depending on density and moisture
content), due to road regulations in relation to the gross vehicle weight based

on number and distance between axles. In Oregon, state regulations limit the
maximum gross vehicle weight to 47,854 kg, with a special permit (ODOT, 2012).

Drop Center Trailer 13.7 m Long
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Figure FL-3.14. Tractor-trailer configurations commonly used in the United States.

Non-standard trailers options include a rear-steer axle trailers and stinger steer.

A self-steering trailer contains two steering axles that allow the trailer to reduce
off-tracking when driving around tight curves (Figure FL-3.15). It also increases the
ability to turn-around in reduced spaces. The steering axles are controlled remotely
by the driver. Western Trailers Company has developed a commercial rear steer
model referred as a force steer chip trailer (Western Trailers, 2012). The available
modelis a 14.63 m long trailer. This type of trailer has been used in forest biomass
recovery operations in Washington USA. A 6x6 is usually required to haul the trailer
especially on steep roads.

Stinger-steered trailers for forest biomass operations have been tested by the Forest
Service Dan Dimas Technology and development center. This type of trailer is able
to negotiate tight curves and difficult access roads (Haston and Fleming, 2006).

% I ' l
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Figure FL-3.15. Rear-steer axle chip trailer operating in Port Angeles, Washington. This configuration is com-
prised of a tri-axle trailer (left) with two steering axles (right).

3.2.1. Forest Biomass Comminution and Transportation Systems

Different combinations of processing and transportation systems can be
established depending on the road characteristics and spatial location of the
residue piles. Residues can be processed at each pile, transported to centralized
locations or processed at the bioenergy facility. Systems currently found in the
Pacific Northwest are:

a) Stationary grinding processing each pile.

b) Stationary grinder at centralized landing supplied by hook-lift trucks with
direct loading into trucks

c) Stationary grinder at centralized yard with direct dumping to piles and front
loader reloading into trucks at processing site.

d) Mobile chipper with set-out trailers

e) Mobile bundler and processing at a bioenergy facility.

System a, (Figure FL-3.16) consists of the transportation of the stationary grinder to
the processing site using a highway lowboy. Then the stationary grinder processes
the material at the pile and after finishing, it moves to the adjacent piles. This
system has the disadvantage that the movement is difficult and slow. Residue piles
have to be close enough to each other to avoid significant decreases in productivity
caused by the machine mobilization. Additionally, road characteristics often restrict
the transit of the machine in the road network. Although the majority of machines
are track mounted, some of them are wheeled, requiring an additional truck to
move the machine between piles. This system is highly sensitive to the amount

of volume in a pile. A large volume pile is preferred to maximize the grinding time
and reduce the mobilization. The minimum equipment required is the stationary
grinder and one loader.
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Forest
Residues Pile

Figure FL-3.16. System (a), grinder processing at each pile.

In system b, (Figure FL-3.17), the grinder is placed at a centralized landing and hook-
lift trucks supply the material from satellite sources with usually difficult access

for chip vans. In this system grinder moving time is minimized. Disadvantages of
this system are the additional cost of using the hook-lift trucks to transport the
unprocessed material to the centralized location. Also the distance between the
satellite and the centralized landing is the key factor to evaluate the potential use of
short-trucks. In this system a minimum of two loaders, (one for the hook-lift trucks
and one for the grinder) are required.

Excavatorat Centralized Landing

- =5
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[ Residues Pile

~
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Figure FL-3.17. System (b), grinder processing at centralized landing with hook-lift trucks.

System ¢, (Figure FL-3.18), consists in the implementation of a centralized yard,
typically outside the forest unit and with good access for high capacity trucks.
Among the advantages of this system are that the grinder can be producing and
dumping the material directly into piles to avoid truck dependence. Also the
access to large truck can minimize transportation costs. Disadvantages are that
the unprocessed residues need to be transported to the centralized yard increasing
the overall cost of the operation by adding another stage in the collection process.
Also the reloading process into large trucks requires the use of a front loader, which
represents another cost. In general, the savings obtained by keeping the grinder
producing and the use of large trucks must compensate for the additional cost of
first stage transport and reloading.

Forest
Residues Pile

Centralized
Yard

Grinder

€==

To Bioenergy
Plant Front Loader

Figure FL-3.18. System (c), processing at centralized yard with a stationary grinder.

System d, (Figure FL-3.19.), consists of a mobile drum chipper that moves
between piles processing the material and filling an attached bin that when

fullis dumped into a set-out trailer or container. Reserve containers have to be
utilized in order to keep the machine producing and to reduce truck dependence.
The partially decoupled process reduces truck-waiting time (when loading) but
adds additional time to hook and unhook the set-out trailers. Disadvantages are
the low productivity of the mobile chipper compared to stationary grinders and
the sensitivity to the degree of contamination of the material. Also productivity
decreases as distance between the pile and the trailers increases. The mobile
chipper is also sensitive to metal pieces within the pile that can cause a significant
damage to the drum and knives. Because it is a specialized machine, a skilled
operator and a learning period are needed. If the amount of dirt within the pile is
high, preprocessing of residues can be required to preselect cleaner material for the
chipper, however this operation causes an additional cost.
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Figure FL-3.19. System (d) processing with mobile chipper and set-out trailers.

System e, consist of a mobile bundler. The machine produces the bundles from
the residues that are then transported to a bioenergy facility where an electric
grinder or chipper can be used to process the bundles. The advantages of this
system are that the comminution is not carried out in the field therefore no
comminution machinery mobilization is needed and the processing of the bundles
using electricity can lower the cost in places where electricity is cheaper than fossil
fuels. Also, bundles are more compact and can be stored in the forest to favor a
decrease in moisture content and maximize the hauling capacity of solid material.
Disadvantages are the additional cost incurred to make the bundles, and the cost of
log truck modification necessary to transport the bundles. Also some residues may
not be accessible to the trucks or the mobile bundler and may require the use of
hook-lift trucks and the development of a centralized landing, increasing cost.

Forest
Residues Pile

To Bioenergy
plant

hook-lift

Electric grinder

Figure FL-3.20. System (e), bundling at forest and processing at the bioenergy facility.

3.2.2. Economics of Forest Biomass Processing and Transportation

Miyata (1980) developed a procedure to estimate the fixed and operating costs in
logging operations. According to this system, fixed cost is calculated based on the
salvage value, depreciation, economic life, interest, insurance and taxes. Oper-
ating costs include labor, maintenance and repair, fuel and lubricants. Brinker et
al., (2002) estimated machine rates for selected forest harvesting equipment. The
authors also provide a procedure to estimate fixed and operative costs.

In terms of cost of biomass processing and transportation, Harrill et al., (2009)
estimated an hourly cost per scheduled machine hour (SMH) of $305/SMH for a
Peterson Pacific 7400 grinder not including supporting equipment or loaders; an
excavator cost of $113.94/SMH; and a hook-lift truck cost of $93.45/SMH. Costs
were estimated using the standard fixed and operating costs methods of logging
equipment reported in Miyata (1980). Average productivity of the grinder was
estimated in 52.2 green tonnes (Gt) per productive machine hour (PMH). A total
cost of the system including supporting equipment was $53 per bone dry metric
tonne (BDMt) at 36% moisture content. Mitchell and Gallagher (2007) estimated
productivity of chipping whole trees for fuel chips. They estimated an average
chipper cost of $224.61/PMH for a Peterson 1858 chipper. The cost of a Prentice
210D loader was estimated as $162.82/PMH. Productivity of the stationary chipper
was 60.4 Gt/PMH. Perez-Garcia et al. (2012) estimated the hourly grinding cost in
Washington State as ranging from, $300 to $400 /SMH. They also estimate a loader
cost ranging from $125 to $150 per scheduled machine hour. Transportation cost
ranged between $70 to $115 per SMH. Rawlings et al. (2004) estimated productivity
of a 350kW horizontal grinder. Productivity averaged 32.5 Gt/PMH. Aman et al.
(2010) reported average grinder productivity in processing forest residues of 70Gt/
PMH. Ghaffariyan et al., (2012) reported and average productivity for a Bruks 805.2
of 43.88 green tonnes per PMH when processing residues. Anderson et al. (2012)
estimate an hourly cost for a horizontal grinder Peterson 4710B tracked mounted
of $240.53 per SMH assuming a utilization rate of 85% for in-field operations. The
hourly cost of dump trucks was estimated as $62.46 per SMH assuming a utilization
rate of 90%. Productivity was 34.5 green tons per PMH with average moisture
content of 24%.

3.3. Mathematical Programming Optimization Techniques

Mathematical programing involves the use of mathematical and computational
algorithms for the solution of different problems (Dykstra, 1984). Different
mathematical optimization techniques are available and applicable to forest
operations. Linear programming is the most extensively used technique to solve
planning problems. This technique involves the optimization of a linear objective
function subject to several linear constraints. The objective function and constraint
are directly related to the problem (e.g. maximization of net profit of a logging
operation subject to volume and area constraints). The linear programming solution
procedure is based on the effective solution method developed by Dantzig (1951)
known as the simplex algorithm. The simplex algorithm starts at one extreme point

FEEDSTOCK LOGISTICS - TASK 3. REFINE COLLECTION AND TRANSPORT MODELS FOR REGIONAL MODELING - PART 4 OF 6 | FINAL REPORT



NARA

Northwest Advanced Renewables Alliance

and then it moves to neighboring extreme points in a hill climbing method until
optimality is reached or the problem is found unbounded (Bazaraa et al., 2010).

Integer programming applies where decision variables must be an integer often 0/1.
Although integer problems use a relaxed linear programing solution, they require a
searching method to find the integer solution. The branch and bound method (Little
et al., 1963) is a heuristic method capable of finding the optimal solution for integer-
type problems by dividing the feasible region into pieces that together represent
the original integer problem (Dykstra, 1984).

Simulation is another technique that allows representation of the dynamics of a
system in order to solve a problem. The dynamic term indicates that the model

is related to time variables (Kleijnen, 2008) Simulation can be deterministic or
probabilistic. If simulation is probabilistic, then random variables are used to
explain the degree and type of variability in a particular system. Simulation is
particularly useful in forest operations because it allows the analyst to construct
scenarios and analyze system performance when the main variables affecting the
system are changed.

In the last few decades, several optimization algorithms have been developed to
improve solution times especially when solution times of mathematical techniques
are slow. These methods are commonly known as heuristic procedures that allow
the calculation of an approximate solution for a problem. Among these methods

Ant Colony Optimization (Dorigo et al., 1996) specializes in network type problems.
The Ant Colony Optimization emulates the behavior and communication between
ants when forming a colony. In a directed network with a source and destination, the
algorithm starts by sending agents (ants) through different paths in a network. As the
ants find the shortest (or least cost) paths they leave a pheromone that indicates to
subsequent ants what is the best path to reach the destination (Figure FL-3.21).

Power \ Power
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Figure FL-3.21. Ant Colony Optimization solution procedure.

In order to better understand processing and transportation of forest residues

at the operational level in order to abstract to the regional level, we developed

an optimization approach to the operational level. Specific objectives are (i)

the development of a stochastic simulation model to analyze mobile chipping
economics in processing and transportation of forest biomass from residues; (ii) to
analyze and estimate the economic impact of truck-machine interaction in forest
biomass recovery operations; (iii) to develop a costing methodology to improve cost
estimation of forest biomass collection operation; (iv) to develop a mathematical
programming solution procedure to economically optimize the processing and
transportation of forest biomass at an operational level; and (v) to design and
implement a computerized decision support system to help forest managers and
landowners to improve efficiency in operations and to determine accurate cost
estimates.

This section is divided into three parts. The first part addresses objective (i) and (iii).
The cost methodology proposed in objective (iii) is analyzed for mobile chipping. It
analyzes the economics of mobile chipping and develops a stochastic simulation
model to analyze and optimize forest biomass recovery operations. The model
proved to be accurate in simulating the economics and productivity of a mobile
chipping operation on steep terrain. Additionally, a new costing model is presented
to account for operating and waiting costs. The second part addresses objectives
(ii) and (iii) for stationary processing equipment. It discusses the economic effect of
truck-machine interactions specially focused on stationary processing equipment.
A deterministic model was developed to analyze operations, particularly in steep
terrain operations. The model illustrates how road characteristics and pile location
can affect machine utilization rates and economics when processing forest residues.

The last part addresses objectives (iv) and (v) and makes use of the results obtained
in the previous sections. It describes a solution procedure based on mixed-integer
programming for the optimization of forest biomass recovery operations. The
model was implemented in a computer program called RENO that combines the
use of mathematical optimization, heuristic techniques, Geographic Information
Systems (GIS), simulation and forest operation analysis.

3.4. Stochastic Simulation

Biomass processing and transport often involves equipment balancing. Since
different parts of the supply chain have different productivity rates and often
cannot be decoupled, it isimportant to understand what controls equipment
utilization and how to decide which equipment should wait and which should
not. A discrete-event simulation model was developed and utilized to quantify
the impacts of controllable and environmental variables on productivity in order
to determine the most cost effective transportation options under steep terrain
conditions. Truck-chipper interactions were analyzed to show their effect on
truck and chipper standing time. A costing model was developed to account
for operating and standing time cost (for the chipper and trucks). The model
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used information from time studies of each activity in the productive cycle and
spatial-temporal information obtained from geographic information system (GIS)
devices, and tracking analysis of machine and truck movements. The model was
validated in field operations, and proved to be accurate in providing the expected
productivity. A cost distribution was elaborated to support operational decisions of
forest managers, landowners and risk-averse contractors. Different scenarios were
developed to illustrate the economic effects due to changes in road characteristics
such as in-highway transport distance, in-forest internal road distance and pile to
trailer chipper traveling distances.

The use of a mobile chipper for processing forest residues for energy purposes
represents an alternative to the use of stationary grinding machines currently
used in the US Pacific Northwest. The advantages of mobile chippers are the
mobility to reach different locations within the forest where the forest residue piles
remain following harvesting, flexibility to unload the material into different types
of containers and a self-feeding system. Also the use of independent containers
partially disconnects processing from trucking reducing truck dependence.
However, productivity is highly sensitive to the size, cleanness, and type of harvest
residue material. And, the number of stages involved in the chipping process
(chipping, moving, and dumping into trailers) gives more complexity to this
process compared with stationary equipment. Consequently, uncertainties might
arise at each stage of the process and can have a significant effect in the overall
productivity. Uncertainty in this section is analyzed in non-controllable factors
that are usually environmental variables in which the decisions are not in control
of the operator or planner (Taguchi, 1987). Examples of these variables in mobile
chipping include the size, shape and location of the forest residue piles, degree

of heterogeneity of the material within the pile, machine driving speed between
the piles due to terrain and maneuverability conditions and interactions between
trucks and machine-truck.

Biomass from forest residues is a low value product in the forest supply chain.
Processing in the field requires the use of expensive machinery with usually high
fixed costs. Transportation costs are highly dependent on the travel time between
the forest unit and the plant and the moisture content and bulk density of the
processed residues. Given the reduced marginal income of this operation, efficient
planning and cost management is needed to ensure the long-term success of this
emerging renewable source of energy. A careful analysis of each operational stage
is necessary to understand the elements that affect productivity and consequent
profitability of the operation. Due to the low margin of profit of this operation,
sources of uncertainty need to be understood to produce an accurate estimation of
the net profit variability and to support the decision process for forest managers,
landowners and risk adverse contractors. At the operational level optimization is
necessary to determine the most cost-effective transportation option given the
chipper productivity, road and landing access and residue assortment.
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In mobile chipping, equipment balancing can be an issue if there is not sufficient
availability of trucks to replace the trailers in the forest. Truck-chipper interactions
occur when the behavior of trucks (e.g. truck inter-arrival times) affect chipper
productivity increasing standing times. If there are not available trailers to unload
the chipper bin, then the chipper has to wait until a truck arrives and places an
empty trailer on the landing. Similarly, if the trailer is not full with chips when a
truck arrives to the site, then the truck has to wait until the trailer is full. Truck
interference can also occur due to single lane passage and limited turn-around
locations. Therefore, if a truck arrives to the site and a second truck is still in the
chipping area, then the truck that is arriving must wait further down the road until
the other truck passes the point where the first truck is waiting. Additionally, the
variability on productivity of the mobile chipper adds complexity to the problem.
Adding more reserve trailers to reduce chipper dependence on the trucks is often
not a feasible option due to the limited available space in forest roads under steep
slope conditions to locate the trailers.

Most of the modeling studies in forest biomass recovery operations are based on
deterministic approaches and only a few studies consider uncertainty. Also the
analysis of truck-machine interaction requires the representation of the system
dynamics that is only achievable through simulation. Baumgrass et al. (1993)
discussed the use of simulation to estimate and validate harvest production.
Although their paper did not specifically mention the use of simulation in forest
biomass recovery operations, it described how simulation could be a useful method
to analyze relationships and effect of different equipment in forest operations.

In relation to forest biomass collection, Gallis (1995) simulated a forest biomass
harvesting and transportation system in Greece using activity oriented stochastic
simulation. Also no details were provided about the costing process that was used
to evaluate the operations. Additionally, no information about the robustness or
validity of the probability density functions is reported and the simulation system
did not account for standing times related to equipment balancing. Mobini et

al. (2011) developed a discrete-event simulation model to evaluate the biomass
delivery cost to a potential power plant. The authors discussed several processing
and transportation systems at the tactical level but no details are giving about the
effect of truck-machine interactions or road access on productivity. The variability
of productivity was analyzed as an overall system not segregated into different
operational stages. Little information is given about the productivity distributions
used within the study and its applicability to other processing systems such as
mobile chipping. McDonagh (2002) developed two simulation systems to analyze
forest harvesting operations. The author also discussed the impact of machine
interactions on productivity of the system, however the study is not directly related
to biomass recovery operations and no methodology is developed in relation to the
standing cost. Talbot and Suadicani (2005) developed a deterministic simulation
model to analyze in-field chipping and extraction systems in spruce thinnings. They
discussed strategies for decoupling the chipping operation from bin forwarding

to maximize chipper productivity. Although the cost of chipper bin forwarder
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interactions is accounted for in the study, few details are giving about the effect
of truck configuration and road accessibility on chipping performance and truck-
machine interactions.

The main goal of this study is to improve the efficiency of the forest biomass

supply by minimizing mobile chipping processing and transportation costs at the
operational level under uncertainty. Processing and transportation costs include
the mobile chipper and tractor-trailer variable and fixed cost, the mobilization cost
to transport the machinery between different forest units and the overhead costs.
Although this study has a general application in different terrain conditions, we
concentrate our analysis in steep slope terrain due to the operational constraints in
relation to forest road and landing access that have not been addressed in previous
studies.

This section is focused in the analysis of productivity and economics at the
operational level of forest biomass processing and transport harvest residues with
a mobile chipper having the central role in the operation. Our methodological
approach is to develop a highly detailed discrete-event simulation model based

on the operational activities in the productive cycle to understand and measure
the effect of truck-machine interactions expressed as standing times for chipping
and transport. A costing model is proposed to account for the standing cost

for the mobile chipper and trucks. Also the model is intended to improve the
understanding of the effect of road characteristics and accessibility on productivity
and economics of forest biomass collection activities in steep terrain conditions.

We chose an activity-based analysis to reduce the overall variability of the system
and predict only the variation that is related to environmental factors in each stage
of the operation thus we modeled the planning decisions as different scenarios but
not as sources of variability.

3.5. Materials and Methods

The model is based on chipping and transportation data collected in four different
locations during August and September, 2011 in Oregon, USA, all under steep slope
terrain conditions. Field conditions differed between harvest units in the type,
quality and size of forest residues, species, distance between piles, road conditions,
round-trip distance from the forest to the bioenergy facility, and truck-chipper
interactions. We divided the modeling in three stages: (i) data collection-tracking
analysis; (ii) distribution fitting and parameter estimation; and (iii) discrete-event
stochastic simulation.

The model simulates the processing of a mobile drum (800mm diameter, 2 knives)
Bruks Chipper 805.2 with a 331kW diesel engine (Bruks, 2010), mounted on a Valmet
Forwarder 890.3 (Figure FL-3.22). The chipper bin has a capacity of 21 m3. The
trucking model simulates transport using single 9.75m and double trailers (Figure
FL-3.23) although it can be adjusted to other configurations.

Forest
™ ¢ Residues Pile

To Bioenergy
Plant

Figure FL-3.22. Comminution and transportation using a mobile chipper. The Mobile chipper processing forest
residues at each pile and dump the chips into trailers.

H 9.75m
.
1 L L] L)
4.57m 1.37m 6.22m 1.25m 0.91m
9.75m 9.75m
. . . .
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Figure FL-3.23. Two typical tractor-trailer configurations single and double trailers. a) 6x4 tri-axle truck and sin-

gle trailer approximately 15 tonnes capacity; b) 6x4 tri- axle truck and double trailer (9.75 and 9.75 m in length).

3.5.1. Data Collection and Tracking Analysis

We used the continuous time study method (Pfeiffer, 1967), to determine the time
consumed chipping and transporting the residues. We combined manually tim-
ing, video recording and spatial-temporal tracking analysis of machine and truck
movements to accurately collect the data. One hundred and twenty cycle times for
chipping and twenty round-trips for transportation were recorded.

Four chipping elements were identified and timed to determine the total delay
free cycle time: (i) chipping includes the conversion of forest residues into chips;
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(ii) traveling begins at the end of the chipping process when the chipper bin is full
with chips and moving to the trailer to dump the load and ends before the dumping
process is performed; (i) dumping begins at the end of traveling and ends when the
load has been dumped in the trailer; (iv) returning begins at the end of the dumping
process and ends when the machine is back to the pile before the start of a new
chipping process. The amount of chips processed in each cycle was also recorded
from the internal weight scale of the mobile chipper. In addition to the total cycle
time, delay times were considered. Scheduled and un-scheduled downtimes for
chipping were also recorded.

For the transportation systems the following variables were recorded: (i) unloaded
travel time, is the time spent by the truck travelling between the plant and the
forest when the truck is unloaded; (ii) loaded travel time, is the time spent by the
truck traveling between the forest and the plant when the truck is loaded; (iii)
dumping time spent by the truck while is being unloaded at the plant; (iv) truck
turning around; and (v) hook and unhook time in the forest is the time spent

by the truck while the empty trailer (or trailers when running double trailers) is
unhooked and the loaded trailer is hooked in the forest. Non-scheduled downtime
in transportation was considered although none occurred during the study period.

GPS receivers Visiontac® were placed in the chipper and trucks in order to collect
spatial and temporal information of their movements. The GPS devices recorded
the position and time at a rate of one coordinate per second. In a normal shift of

10 hours, we recorded an average of 28,800 points. No significant problems with
satellite reception related to tree canopy interference were found since all the study
areas were cleared (clear-cut harvesting) before the biomass recovery operation
was carried-out.

Collected data from the GPS devices was pre-processed using a digital toolbox
based on an algorithm developed in Python programming language for ArcGIS 10
software (ESRI2012). In the preprocessing procedure, we filtered the data to reduce
the amount of identical coordinates and produce a spatial-temporal layer suitable
for tracking analysis. Tracking analysis, an extension from ArcGIS 10, was used

to recreate the movement patterns of the chipper and trucks. We also calculated
travel distances from the spatial data.

Average cycle time for the chipper per activity for the four units analyzed is shown
in Table FL-3.4. On average, about 76% of the time the machine was chipping or
waiting for the next piece to be fed. About 18% of the time the chipper was moving
to the dumping site and travelling back to the forest residues pile. The rest of the
time was spent in dumping. The range of values for chipping time is wide, 8.07 to
40.78 minutes (Table FL-3.4). Since this range is based on the average values of all
units, it was considered an indicator of the high sensitivity of this process to the
type of material and site characteristics. Average productivity for the four units was
estimated as 12 green tonnes per productive machine hour.

Table FL-3.4. Statistics of time spent in each activity of the productive chipping cycle.

Process Mean Min Max SD %
Chipping (min) 16.45 8.07 40.78 5.52 75.80
Travelling to Trailer (min) 1.83 0.47 6.73 1.12 8.44
Dumping (min) 1.46 0.45 3.07 0.51 6.74
Returning to Pile (min) 1.96 0.25 6.62 1.30 9.02
Total (min) 21.70 9.24 57.20 8.46 100.00
Bin-load (t) 4.09 2.09 6.01 0.70

3.5.2. Distribution Fitting and Parameter Estimation

Distributions were fitted for each activity in the chipping productive cycle (Table
FL-3.5). The Input Analyzer from Rockwell Arena Simulation Software (ROCKWELL,
2015) was used to estimate the distribution and parameters that fit best to each
dataset. We evaluated the p-values of the chi-squared goodness of fit test and
squared errors to determine if enough evidence has been provided to say that the
data is well represented by the suggested distribution. We fitted distributions to
time spent (minutes) in the chipping and dumping process. Chipper travelling time
was modeled as a function of the distance between the trailer and the pile. We
calculated the chipper speed variability while the machine was travelling. Diagnosis
was performed for all distributions using quantile-quantile (Q-Q) and probabili-
ty-probability (P-P) plots and the results were approximately linear for all the select-
ed distributions.

For the transportation part of the model, the dumping time (normal distribution
u=59.4, 6=15, in minutes), hook and unhooking time (Erlang A=1.91, k=1, a=2,

in minutes), were considered stochastic components. Truck travel loaded and
unloaded travel time was modeled deterministically using the relation between the
average driving speed and the distance since no significant sources of uncertainty
were identified in this stage of the model.

Table FL-3.5. Fitted distributions for each operational process.

Process Probability Location Scale Shape Squared Error and
Distribution Parameter Parameter Parameter p-values

Chipping sorted (min) Erlang 8 1.63 4 0.0056; p>0.75

Chipping unsorted o s 11 5.91 1.53 0.0023; p=0.31

(min)

Travelling to Trailer 1 443 1.66 0.0048; p=0.51

(m/min)

Dumping (min) Log-Normal 0.18 1.28 0.527 0.0042; p=0.38

Returning to Pile Gamma 6 147 2.16 0.0011; p=0.73

(m/min)

Bin-load (kg) Normal 4090 692 0 0.0116; p=0.05
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3.5.3. Discrete-event Simulation Model

The discrete-event simulation model was designed in the Rockwell Arena Software
environment (ROCKWELL, 2015). A two-component model was developed. The first
component expresses the different stages involved in the mobile chipping pro-
ductive cycle. The second component simulates trucks arriving to the processing
site and transporting the material to the bioenergy facility. Both components start
with the creation of entities. Entities are objects that flow through the system and
produce a change in the output or state of the system (Kelton et al., 2001). The
mobile chipper represents an entity for the chipper model. Trucks arriving to the
system are the entities of the transportation model. Entities are recycled in the
model until the scheduled time is reached. Inputs for the chipping model are the
scheduled machine hours in a day including scheduled downtimes, and the average
distance between the trailers and the piles. The trucking model assumes that the
planner has the complete control of the number of trucks, trailers, and truck arrival
schedule. The transportation model’s inputs are the average speed of the truck on
highway paved roads (from the bioenergy facility to the entrance of the unit), and
within the harvest unit driving on the forest roads (gravel or dirt roads), the distance
between the entrance of the unit and the processing site, and the average distance
between the residue piles and the turn-around.

For the mobile chipper model, the first stage in the model occurs when an empty
trailer is available and the chipper begins to travel to the pile (Figure FL-3.24a).

This stage captures the variability of the chipper driving at different speeds. Then,
the chipper proceeds to process the residue in a pile. The next stage involves a
decision module that is linked with the transportation model. If an empty trailer is
available to dump the load, then the chipper continues to the next stage, which is
travelling to the trailer, and then unloading the processed material. If a trailer is not
available then the chipper has to wait until an empty trailer is available. The trailer
is modeled as a tank with a fixed capacity depending on the size of the trailer.

b) Truck Model

a) Chipper Model

(Unhook- 1-Empty)
Trailer at hook-
point

Driving to
Chipping site

Drop Empty oad Drive tothe
Trailer at railer s railer hook-point
chipping site available i

Figure FL-3.24. Model logic: a) chipper; b) truck-double trailer configuration.

The amount of processed chips (metric tonnes) in each productive cycle has a
partial positive correlation with the chipping time and was estimated using the
procedure proposed by Mykytka and Cheng (1994) to generate correlated random
variables obtained from independent distributions. The mathematical expression
to calculate the bin load size, Y,, as a function of the chipping time, X, given the
Pearson correlation coefficient p is expressed as follows:

g,
v, =%y /—l_pZY_M+(1_,/1-p2)ﬂy [4]
o, g,

where:

Y correlated random variable of the amount of chips produced in each cycle
2 time,(kg)

uncorrelated random variable of the amount of chips produced in each cycle
Y time,(kg)

X random variable representing the chipping time,(min)

4, mean of the chipping time distribution,(min)

4, mean produced chips per cycle distribution,(kg)

O, standard deviation of chipping time distribution,(min)

O, standard deviation of chips produced per cycle distribution,(kg)

Pearson correlation coefficient between chipping time and chips per cycle
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Chipper downtime was divided into two categories: the scheduled downtime, which
has to be made on a daily-basis to change the knives, warm the engine and clean
the filters, and the unscheduled downtime that is caused by unplanned mechanical
problems. One of the most common causes of mechanical downtime is related to
the presence of metal cables or debris inside the pile. We modeled unscheduled
delay using a Poisson distribution with parameter A=550, which represents the
number of processed chipper bins before a downtime occurred. This parameter was
estimated using the average of incidence of this problem in the last 6 months.

The logic for the transportation model (Figure FL-24b) begins when an empty truck
leaves the truck yard to go to the forest unit. The truck then drives to the processing
site, turns around and places the empty trailer. The next step is to drive to the
loaded trailer, hook it and travel back to the mill. In the double trailer setting, due to
road accessibility, the truck must drop one of the empty trailers before continuing
to the pile location. The mobilization within the unit is modeled deterministically as
a function of the internal distances and the speed of the truck. The first truck arrives
one hour after the chipper starts the chipping process (it is assumed that reserve
empty trailers are left in the unit the day before the operation starts, the second
truck arrives 30 minutes after the first truck has arrived. The model assumes single
passage forest roads which limits one truck to enter into the system at each time. If
double trailers are used the truck must pick up each trailer one at a time. This factor
increase the cycle time considerably compared to single trailer configuration. An
increase in round-trip time of around 30% is expected when using double trailers
(for a round-trip distance of 120km on paved roads and 5 km in gravel roads). The
time to setting up double trailers increases as the distance between the hook-up
point and processing site increases. Also the dumping time at the bioenergy facility
increases for double trailers.

3.6. Model Limitations

The proposed simulation model attempts to explain complexity of a real mobile
chipping system by simplifying it into discrete parts. Simplification can lead to some
sources of error and the analyst has to be aware of them. The model simulates
chipping operations as if the residues were located in one single location. In reality,
residues are distributed among different piles and locations. To compensate for the
time the machine spends moving from one pile to another, we added as an input
the time spent moving from pile to pile in a working day. At each site the analyst has
to calculate the number of piles and the average distance between them and relate
this value to the average speed of the chipper (5km/h). Also we have a fixed capacity
of trailers (13,650 kg for each trailer in a doubles configuration and 15,500 kg for
singles), but in reality the maximum amount of chips dumped in each trailer varies.
This causes some amount of chips to remain in the reserve trailers after a working
shift without being transported. To minimize this problem, we assumed that

those chips will remain in the reserve trailers and eventually will be transported

the next day when the trailers are full. We input the average of the distance to

the turn-around and between the trailer and the pile, but in a harvest unit where

the standard deviation is high, using the average value may lead to inaccurate
results. Also, the model does not consider that productivity and knife sharpness
are correlated; i.e. productivity should be highest after a knife change and become
lower as more chips are processed (Nati et al., 2010). Additionally the model does
not consider the loss in productivity due to operator fatigue. Finally the model is
intended to support the decision making process but not remove the final decision
from the analyst.

3.7. Costing Model

Costs were estimated using information from the different stakeholders in the
forest biomass supply chain. This includes consultation with contractors, trucking
companies, forest managers, landowners and bioenergy facilities. Costs were
calculated for the mobile chipper and trucks described previously. The cost model
accounts for standing times due to truck-machine interactions.

Processing and transportation costs were separated into two main categories: fixed
and variable costs. We first calculated the hourly variable and fixed cost in order to
be able to model the cost in each activity based on the time spent. Operational and
standing costs were then calculated for the chipper and trucks.

Fixed cost of mobile chipping and transportation was based on salvage value,
annual depreciation, average yearly investment, interest, insurance and taxes.
We assumed 2000 scheduled machine hours per year for the chipper based on
historical machine records. For transportation, we assumed 2200 scheduled
machine hours per year.

Variable costs for chipping comprised labor, fuel, repair and maintenance.
Additionally to fixed and variable costs, operational costs for chipping include
overhead and profit and risk costs. Overhead cost ($19.67/h) included supervision
(assuming that general supervisors spend 10% of the total working time in chipping
operations), communications (radio and cell phones) and administration cost
(secretary and office consumables). Supportive equipment includes one water truck
(8§7.33/h), service truck ($9.47/h) and operator’s pickup truck ($11.37/h). These
costs are incurred whether the chipper is operating or standing. Profit and Risk was
estimated as 7% of the sum of fixed, variable, supportive equipment and overhead
costs. Chipping operational costs were calculated based on Eq. 5.
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ocC, =Fx,+Va, +Rp, +Su, +0Ov, [5]

Where:

OC,, hourly processing cost while the machine is operating ($/h)

Fx,,  fixed costs cit chipping, ($/h)
Va,  variable costs for chipping, ($/h)

Rp,, risk and profit for chipping, ($/h)

Su,  supportive equipment hourly cost for chipping, ($/h)

Ov,, overhead hourly cost for chipping ($/h)

Chipper standing costs were calculated as the sum of an opportunity cost based

on the expected profit the chipper would have earned if it had been operating, plus
labor, interest, insurance, supporting equipment and overhead (Eq. 6). Since the
machine is assumed to be idle during waiting, no depreciation cost was included,
given that the machine is not being used. Obsolescence is not considered in this
study, since we assumed that the useful life of forest machinery is dependent on
the hours worked, not the passage of time as it occurs in the software industry or
electronics for example.

IC, =Int, +ins, +La, +Su, +Ov, +Rp,, (6]

where:

IC,,  hourly chipper standing cost, ($/h)

Int,;, hourly interest cost for chipping ($/h)
ins,, hourly insurance and taxes cost for chipping ($/h)
La, hourlyinsurance and taxes cost for chipping ($/h)

The variable cost for transportation includes labor, repair and maintenance, fuel
and lubricants. Variable cost is a function of distance, road surface (gravel, paved
dirt), speed and weight of the truck and trailer (loaded or unloaded). Only one
driver is required per truck. Fuel cost was estimated as a function of the truck power
necessary to overcome rolling and air resistance forces. Rolling and air resistance
are dependent upon the speed, weight (empty or loaded) and roundtrip distance.
Variable transportation costs for transportation were calculated in the following
section for the validation unit, based on the traveled distance, and weight (loaded,
unloaded), on different road surfaces.

Transport operational cost (Eq. 7) includes 7% percent of risk and profit of variable
fixed and overhead costs. Overhead transportation cost was calculated based on
dispatching, communications and administration costs. Transportation standing
costs were calculated following Eq. 8.

OCT,, =Fx +Va,,_ +Rp, [7]
OC, = Int, +ins, + La, + Su, + Ov, + Rp, [8]
where:
Fx,  truck hourly fixed costs, ($/h)

Va,,. truck hourly variable costs, ($/h)
Rp,  truck hourly risk and profit, ($/h)

operating truck hourly processing cost on road surface r with a load w and speed z

($/h)

OC, truck hourly standing cost, ($/h)

Int,  truck hourly interest cost ($/h)

ins,  truck hourly insurance and taxes cost ($/h)
La, truck hourly labor cost ($/h)

Su,  truck supportive equipment hourly cost, ($/h)

Ov,  truck overhead hourly cost ($/h)

Total chipping (Eq. 9) and transportation (Eq. 10) cost per tonne of chips ($/t)

were calculated taking into account the time spent in each activity listed in the
simulation model. A final cost equation includes previous costs, the mobilization
cost of the machinery to the forest unit using a highway legal lowboy, mobilization
cost to drop the extra trailers at the site and stumpage price of the piled material if
any (Eq. 11).
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7, - Em(tm)OCTm +(tx+ty +th+1)O0I, (10]

0

COST=TCL,h+TCt+MQV“ +Stp [11]
Where:
TC, total chipping cost as a function of the amount of processed chips, ($/t)
tc time spent chipping, (h)
p time spent moving to pile, (h)
m  timespent moving to trailer, (h)
td time spent dumping in trailer, (h)
tw chipper standing time, (h)
th standing time due to unscheduled machine breakdown,(h)
tl standing time due to scheduled machine downtime,(h)
0 amount of chips processed, (t)
TC, processingcostasa function of the amount of processed chips in unit u, (5/t)
t..  trucktime spent traveling on road surface r with a load w at a speed z (h)
tx truck standing time waiting for loaded containers, (h)
ty truck standing time due to forest road traffic interference, (h)

(te+tp+tm+td)OC,, +(tw+tb+1l)IC,,

Assumptions and supportive equations for fixed and variable chipping and
transportation cost calculations are shown in Appendix A in this report.

3.8. Validation and Results

We made an independent validation of the model (additional to the previous four evaluated
units) to estimate the degree of accuracy of the model to represent the chipper and truck
productivity. The validation was performed in a forest unit with an area of 16.2 ha located in the
Coast Range in western Oregon, United States 123°28’5”W, 43°28’13”N. The access to the unit
was characterized by steep loose-gravel roads with road gradients ranging from 8 to 20%. The
area was harvested in late April 2012 using cable-logging equipment. Piles of forest residues
were left in the forest around the landings as a by-product from the logging operation. The
residue piles were composed of a mixture Pseudotsuga menziesii (Douglas-fir), Abies concolor
(white-fir) and Libocedrus decurrens (incense-cedar) with pieces ranging from 10 to 20cmin
diameter and 0.9 to 3min length. The distance from the main road entrance to the processing
site was 2.57 km. Average distance between the trailer locations and the piles was 40 m. Fifteen
piles were distributed within the unit with an average distance between piles of 70.6 m. Turn-
around average distance to the piles was 150 m. Double trailers, as shown on Figure FL-3.23,
were used in the transportation of chips. Two trucks transported the chips to the plant. The
distance between the forest unit entrance (hook-up point) and the plant was 50 km.

We compared the results of the simulation against the actual data obtained from

a time and motion study (Table FL-3.6). Thirty independent repetitions were made
to evaluate the performance of the model; the average was compared to the actual
value. Welch’s t-test was used to assess if there was statistical significant difference
between modeled and actual data. Given the multiple outputs of the simulation
model (chipping time, traveling to trailer, chips produced, etc.), the Bonferroni
inequality was used to calculate the critical t-value for multiple responses. The
critical value using this approach is tm-1;a/2T, where m is the degrees of freedom
(30-1), Tis the number of responses (5) and R is the significance. We combined the
Bonferroni inequality with a significance value of a=0.20, suggested by Kleijnen
(1995) for simulation models with multiple responses. The critical value for t29;0.02
is 2.46. No statistical difference was found between the model and the actual data
for each of the components of the chipper cycle time and the amount of chips
produced. All their respective t values were below the critical value of 2.46.

Table FL-3.6. Modeled and actual results for the validation study.
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th time spent to hook a single or double containers, (h)
ti time spent to dump at the bioenergy facility, (h)
My, mobilization cost of the machinery to the unit, ($)

Stp  stumpage cost, ($/t)

COST total cost per tonne, ($/t)

Process Real Model % Difference
Chipping (min) 882.99  893.59 +18.00 1.20, tyo=1.492
Travelling to Trailer (min) 101.52 107.75+8.84 6.14, t,o= 1.734
Dumping & Record Keeping (min) ~ 89.28 89.53 +3.50 0.28, t55=0.174
Returning to Pile (min) 91.10 88.24+4.14 3.14, t,9=1.700
Chips Produced (t) 277.72  279.36+7.57 0.59, tyo=2.329
Total Productive Time (min) 1164.88 1153.53 1.22
Productivity (t/PMH) 14.30 14.22 0.62
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The economics of mobile chipping is a function of the chipper productive time,
transportation time and machine interactions that may cause delays in processing
or transporting. Specifically, costs in mobile chipping are affected by chipper and
truck standing times, distance between the forest unit and the plant, internal road
distances and conditions (i.e. gravel and single passage road), pile location, physical
properties and characteristics (size) of the forest residues. To illustrate the effect of
these variables on productivity, we calculated the cost for the forest area used in
the validation using the cost model.

Chipping costs were separated for each of the activities in the productive cycle of
the chipper. We considered chipping, moving to trailer, moving to pile and dumping
as operational stages, therefore the operational cost is calculated by multiplying
the operating cost by the accumulated time spent in the unit (Table FL-3.7).

Table FL-3.7. Estimated hourly cost for the Bruks chipper under the study conditions.

Cost $/hour Operating Standing
Interest, insurance, and taxes 116.75 36.75
Labor 37.50 37.50
Knife Cost 16.00 -

Repair and Maintenance 56.00 -

Fuel Cost 48.00 -

Oil and Lubricants 17.64 -

Total Variable Cost 175.14 37.50

Supportive Equipment 28.18 28.18
Overhead 19.67 19.67
Profit and Risk (7%) 23.78 23.78

Total S/hour 363.51 145.87

Operational transportation cost was calculated as a function of the time spent: (i)
arriving to the site; (ii) driving in forest roads empty and loaded; and (iii) turning-
around. Standing transportation costs were calculated based on: (i) hook and
unhook time; (ii) unloading at the plant and (iii) standing time due to chipper-truck
interactions (Table FL-3.8).
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Table FL-3.8. Hourly transportation costs based on road standard for the loaded and empty truck. Single
traileris 9.8m and double trailer is composed of two 9.8m trailers.

Truck-Trailer Configuration ($/h) Paved Gravel Dirt Standing
Single Empty 80.32 68.37 65.73 4534
Single Loaded 96.06 76.72 73.44 4534
Double Empty 98.53 78.97 75.03 50.87
Double Loaded 126.19 92.11 89.03 50.87

Maximum allowable tractor-trailer weight (Table FL-3.9) was calculated using a
linear programming model proposed by Sessions and Balcom (1989), that it is
based on axle-load group limits for the single and double trailer options. Double
trailers required an additional axle (dolly) to connect both trailers. This axle adds
weight and cost to this configuration.

Cost per hour of double trailers is 30% more than a single trailer configuration but
the maximum allowable load increases by 76%. However, the use of double trailers
requires the additional time to hook and unhook the trailer combination and a
suitable location to do so. Transportation cost per hour decreases on gravel and
dirt roads because it is assumed that at low speeds in gravel (15 km/h) and dirt (5
km/h) roads fuel consumption per hour decreases even though rolling resistance
increases. We assumed an average speed in paved roads of 70 km/h.

Table FL-3.9. Truck and trailer specifications.

Truck Specifications Single Double
Truck Weight (t) 9.1 9.1
Trailer Weight (t) 3.9 10.2

Trailer Capacity (m®)  76.5  152.9
Maximum Capacity (t) 15.5 27.3
Number of Axles 5 9
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Hourly cost was then related to the total amount of chips produced in order to
calculate the cost per tonne. We incorporated the moisture content of the chips

to obtain the rate per dry tonne of chips since the product was used in power
generation. Moisture content was estimated as 30% (wet basis). Estimated costs
per bone dry metric tonne (BDMt) were $37.94/BDMt for chipping, $3.60/BDMt

for machinery mobilization and placement of reserve trailers at the chipping site
(assuming six hours of a highway lowboy with an hourly cost of $100 and 2 hours
of truck waiting time), and $18.13/BDMt for transportation giving a total of $59.66/
BDMt (Figure FL-3.25).
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Figure FL-3.25. Total cost of chipping and transportation for the validation forest unit.

Using the simulated data, we created a probability histogram for the total cost

per bone dry metric ton given the variability of the system (Figure FL-3.26). This
histogram can help risk adverse managers to analyze the probability of occurrence
of each cost for a particular unit and evaluate if it is profitable or not to do an
operation. In this case, there is a 76% probability to have a cost between $55 and
$61/BDMt and 24% probability to have a cost between $61/BDMt and $69/BDMt.
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Figure FL-3.26. Probability distribution of total cost for the validation forest unit.
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In this section, we present a series of scenarios using the simulation model to
analyze the effect of the main variables on productivity and strategies to reduce
the cost and increment the marginal net profit under uncertainty. We focused our
analysis on the effect of truck-chipper interactions on productivity. In all scenarios
we modeled productivity and cost for a 10-hour mobile chipper shift. Other
assumptions include: (i) all forest roads were single passage; (ii) only two reserve
trailers were available for the chipper; (iii) the average distance from the trailer to
the pile was 40 m; (iv) the average distance from pile to turn-around was150 m; (v)
the hook-point for double trailers was located in the entrance of the unit; and (vi)
the moisture content was 30% (wet basis).

Available transportation options were: (a) two single trailer trucks, (b) three single
trailer trucks, (c) two double trailer trucks and (d) three double trailer trucks. Longer
trailers (>9.75m) are available but forest road conditions constraint their access.
Other double trailer configurations are available (i.e. 6.1-12.2 m in length) but the
option 9.75-9.75m maximizes the maximum allowable weight (47,854 kg) and the
tractor-trailers length (24.38 m), under the current road regulations.

In the first scenario we modeled the chipper and truck productivity as a function of
the distance between the entrance forest unit and the bioenergy facility (highway
distance). We ran three simulations for round-trip highway distances ranging
between 40 km and 280 km. We assumed a fixed round-trip distance in forest roads
of 6 km from the entrance of the unit to the pile location.

Results showed that for transportation options (a), and (c), chipping cost ($/

BDMt) increases as distance increases (Figure FL-3.27). This trend is caused by the
increasing standing time of the chipper (Figure FL-3.28). As distance increases the
truck has to spend more time traveling loaded and unloaded to the plant and back
to the unit and therefore it is difficult to reach the forest site in time to replace the
loaded trailers. The cost impact is higher when using only two single trailer trucks
because the amount of transported chips per trip is less than the double trailer
configuration. Using three double trailer trucks or three single trailer trucks has the
minimum impact on the chipping cost per tonne because the standing time of the
chipper is minimized, however transportation cost increases.
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" . the number of trips is higher compared to the double trailer truck configuration.
) — . Options (c) and (d) are lower cost because the double trailer configuration can carry
43 _"" :more per trip (Figure FL-3.29). Options (b) and (d) are more affected by standing
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Figure FL-3.28. Chipper standing time as a function of round-trip highway distance to bioenergy facility. Inter-
nal forest round-trip distance was fixed at 6 km.

Transportation cost is mainly affected by the increase in round-trip distance and
number of trucks. As the number of trucks increases, there is a high probability of
truck congestion in the single passage roads. Each truck has to wait for other trucks
and loaded trailers. Transportation cost in options (a) and (b) are mainly affected
by the maximum allowable weight for singles. Due to their reduced capacity,
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Figure FL-3.30. Truck standing time due to truck-chipper interaction and road truck congestion as a function of
highway distance. Standing time include at arrival queue wait due to road congestion and waiting for loaded
trailers.

Adding chipping and transportation cost to account for truck-chipper interactions
(Figure FL-3.31) we determined that the use of two double trailer trucks is the most
cost-effective option for round-trip distances of less than 220 km. For round-trip
distances greater than 220 km the use of three double trailer trucks seems to be
more effective. For round-trip distances around 40 km options (a) and (c) appear to
have the similar costs.
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Figure FL-3.31. Total costs as a function of the round-trip highway distance to the bioenergy plant. Internal
forest round-trip distance was fixed at 6 km.

In the second scenario, we estimated productivity and cost as a function of

the forest road distance from the entrance of the unit (trailer hook-up point) to

the residue pile location. In this scenario, we set the round-trip distance to the
bioenergy plant equal to 120 km and changed the round-trip internal distance from
2 to 12 km. All other inputs remained the same as in scenario 1.

Total costs of processing and transport are significantly more sensitive to the in-
forest road distance than to the highway road distance (Figure FL-3.32). For the two
double trailer trucks configuration, a change in the forest road distance from one to
six kilometers caused an increase of 18% in the total cost. This change is caused by
the low travel speed on forest roads (steep roads and tight curves) and the time the
truck spends turning-around, hooking and unhooking trailers.
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Figure FL-3.32. Total costs as a function forest road distance. Costs were estimated for a highway haul round-
trip distance of 120 km to the bioenergy plant.

Double trailer trucks are more sensitive than single trailer trucks to increases of
internal road distance, due to significant increases in chipper standing time (steeper
curves on Figure FL-3.32). However, the use of two double trucks appears to be

the most cost effective configuration because fewer trips to the plant are required
compared to single trailer configurations for round-trip in-forest distance of less
than 10 km. For in-forest distances greater than 10 km the use of three single trucks
is cheaper that the all the other options

The third scenario estimates the effect of reducing chipper moving time (traveling
to pile and trailer) on productivity and cost. Trailer-to-pile distance was set to zero.
We modeled the estimated productivity dumping directly into the trailer or blowing
into the trailer using an extension accessory on the chip tube. We assumed bulk
density of the dumped and blown chips in the trailer would be the same.

The mobile chipper spends around 17% of the productive cycle moving between
the trailer and the pile. Reducing the moving time may increase the productivity

by allowing the chipper to spend more time chipping or feeding the machine. Cost
and productivity were modeled under these considerations for Scenario 3. Results
show that eliminating the moving time but dumping into the trailer decreases the
overall cost about 7% (Figure FL-3.33). Blowing the material directly into the trailers
reduces the cost about 8%, and this option becomes limited by the availability

of trailers. Adding one more double trailer truck minimizes the chipper standing
time and decreases the overall cost by 22% with respect to the actual value (Figure

FL-3.33, Centralized, Blowing, 3-Doubles). Any machinery or trucks necessary to
transport the material to a centralized landing must cost $5.40 to $15.92/BDMt

or less to be a feasible option as compared to the base scenario. Additionally a
centralized landing may require clearing a large area to allow for the placement of
trailers and residues and to allow the trucks to turn-around.
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Figure FL-3.33. Total costs for chipping at centralized landing

3.9. Discussion and Conclusions for Stochastic Simulation

We presented a stochastic simulation model and optimization procedure applied to
forest biomass recovery operations for energy purposes. The proposed stochastic
simulation model has been shown to be an accurate tool to support decisions
related to the estimation of productivity under uncertainty. The forest biomass
processing and transportation was modeled as a dynamic system, providing
productivity estimates of each activity in the productive cycle accounting for truck-
machine interactions.

On steep terrain conditions it is important to consider the impact of road
characteristics that can affect truck-machine interactions. Important road
characteristics to considering when planning operations on steep slopes are
internal forest distance, type of road surface, road width, road grade and curve radii
that can limit the access to high capacity trucks due to off-tracking.

Standing times for the chipper and trucks due to truck-chipper interactions must be
considered and quantified when analyzing economics and productivity of the forest
biomass collection. A costing method was developed to account for the cost while
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the machine or trucks are operating or standing. Assigning value to the standing
cost of the chipper and trucks allowed the economic optimization by minimizing
chipper and trucks standing costs. Reducing the chipper standing time may
require additional trucks but as number of trucks increases the probability of truck
congestion at arrival to the forest unit increases. Additionally, some trucks cannot
be fully utilized incurring in higher transportation cost. In this study, trucks had to
be paid for a minimum day. In other situations, truck dispatching to other jobs may
improve truck efficiency.

Single passage road distances may limit the number of trucks that can reach the
processing site at each time, thus affecting costs and productivity of the chipper
and trucks. Total cost is highly sensitive to small increases in distance especially for
double trailer configurations that require several internal trips to drop off, collect,
and assemble the double trailer configuration.

For the study site, the use of double trailers is the most cost-effective option on
steep terrain. The capacity of this configuration compensates the additional time
spent in the forest. This configuration was selected by comparing its productivity
and cost with alternative transportation systems and number of trucks.

The model was able to estimate a cost distribution that can be used to assess the
risk of operating in some forest units. In cases where delivery prices were close

to expected cost estimations a deep analysis of the distribution can improve the
decision making process and analyze the potential trade-offs of operating in some
units.

Future work could evaluate establishing a centralized yard to reduce chipper
standing time, reduce chipper moving time and increase large trailer access.
However, benefits must also consider the additional costs of aggregating the
material.

Finally, combining the use of GPS, geographical information systems, spatial-
temporal analysis and discrete-event simulation proved to be effective in
constructing a robust model to estimate the economics of mobile chipping. These
methods can be applied to analyze other forest operations.

4. Truck-machine Interference in Biomass Recovery in
Steep Terrain

Forest residues in the US Pacific Northwest, PNW, are typically comminuted during
field operations following timber harvesting using stationary grinders at roadside.
Grinders reduce the particle size of the residues (limbs, tops and other byprod-
ucts) by hammering the material with a cutting rotor (Staudhammer et al., 2011).
Processed material is usually discharged directly into trailers using a discharge
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conveyor. Truck loading occurs following a FIFO (first in first out) loading scheme.
Processing operations are tightly coupled to transportation. For example, if no truck
is available, the grinder must cease operations and wait until the next truck arrives
to be loaded. Grinder utilization decreases as waiting time increases, reducing pro-
ductivity and lowering the profitability of the operation. Forested steep lands create
an additional problems related to road accessibility. Available truck turn-around
spaces are usually reduced in number and limited in space. Distance between

the processing location and available truck turn-around spaces may affect truck
productivity and consequently grinder economics. Additionally, single-lane roads
further limit the number of trucks that can reach the area where residues are locat-
ed. Therefore, trucks cannot simply wait in a line, one behind the other. Instead a
truck must wait in a turn-out or turn-around space that must be located as close as
possible to the grinding site. Availability and location of truck turn-out and turn-
around spaces are important factors to consider when planning biomass recovery
operations on steep terrain.

High capacity trucks are preferred to smaller trucks due to their ability to lower
transportation cost. However, curves with small radii and steep road grades limit
their accessibility on steep terrain (Sessions et al., 2010). The problem is further
hampered by the drop-center often used in the trailer to increase its capacity. The
result is a lower vertical clearance of the trailer that affects truck capacity to cross
vertical curves. Finally, when trucks are traveling empty, the reduced weight on the
driving axles, results in low normal forces on the wheels that lessen traction and the
ability of the truck to climb steep roads.

Spinelli and Visser (2009) used literature related to in-field wood chipping
operations to analyze and estimate delays in wood chipping operations of different
machines and different operating conditions. They found an average chipper
utilization rate of 73.8%. According to the authors, two thirds of delays reported
(16.6%) are caused by organizational type delays related to truck interference,
waiting for the biomass, and refueling. Acuna et al. (2012) optimized transport
scheduling of wood chips for in-field operation to reduce waiting time for the truck
and the chippers in Australia. Talbot and Suadicani (2005) simulated two in-field
chipping and extraction systems in spruce thinning. They illustrate how interference
between a chip harvester and a bin forwarder affect productivity. Anderson et

al. (2012) evaluated productivity and costs for two forest biomass production
systems, considering difficult access roads for large trucks. Although these studies
considered different approaches for analyzing waiting times in in-field biomass
processing operations, little emphasis has been given to measuring the impacts of
road characteristics, turn-around and turn-out availability on grinder productivity
and economics. Additionally, traditional machine cost estimations do not assign a
cost to the waiting time.

Considering that most of the forested productive areas in the US PNW, and many
parts of the world, are located on steep lands, and that grinder utilization, under



this conditions is a function of truck availability in relation to road accessibility,
the contribution of this study is to quantify the economic effect of truck-machine
interference and improve the cost estimation and decision making process at
the operational level. The cost of grinder waiting times due to truck-machine
interference must be estimated to accurately reflect the overall cost of the
operation.

We expect that accounting for the economic impacts of truck-machine interference
will improve the accuracy in traditional cost estimation that are typically based
only in the average utilization rate of machinery cost not taking into account the
dynamics of waiting times due to truck-machine interference caused by truck
accessibility to the grinding site.

The long-term goal is to improve the efficiency of the forest biomass supply chain
from forest residues to energy. The main objective of this study was to estimate

the economic effect of truck-machine interference in forest biomass processing

and transport operations on steep terrain using stationary grinders. Our specific
objectives in the section are to: (i) determine the effect of road characteristics,
number of trucks and truck configuration on grinder utilization rates; and (ii)
estimate the optimal number of trucks that minimize processing and transportation
costs.

To understand and quantify the impact of truck-machine interference and road
characteristics, we implemented three simulations enclosed in a model. The
model is based on different cases that represent the most common situations
that a manager can face in operations on steep terrain. The productive system
was modeled in Java programming language and simulates the truck-grinder
interference based on the number of trucks, arrival schedule and road
characteristics. It takes into account the spatial location of the processing site in
relation to turn-around location and internal forest network. An economic model
was developed to estimate the waiting cost for grinders and trucks.

Actual operations for each of the cases were compared to model outputs. The
model used the actual conditions of the processing site as inputs in order to
propose operational strategies to improve economics. Although the model

was developed and evaluated for specific selected grinders and transportation
options, it can be used for other stationary comminution equipment and transport
configuration by adjusting the processing time, machine costs, truck capacity

and road characteristics. The model will be available as part of a decision support
system that is being developed and will be presented in future research.

4.1. Materials and Methods

The field processing of forest residues involves the transport of the grinder to a
suitable location close enough to the residue piles to facilitate machine feeding,
usually by a hydraulic knuckle boom loader on a tracked carrier (“excavator”),
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and with access for chip trailers. A turn-around has to be available for the trucks
close to the grinding location. Residues are usually piled during or after logging
operations. In some operations small end-dumping off-highway trucks are used

to transport unprocessed residues from difficult access locations to a centralized
landing. Depending on the distance, excavators can be used to move the material to
locations reachable by the grinder (Figure FL-3.34).

Available grinders differ by engine power and rotor sizes. In general, large grinders
have an engine greater than 735 kW. Two categories of grinders have been
commonly used in the US to process forest residues: tub and horizontal grinders.
Tub grinders consist of a large tub where residues are deposited. Usually, they have
a mechanical tub rotation system to prevent plugging and facilitate the feeding
until residues reach the cutting rotor aided by gravity. Horizontal grinders have a
mechanical horizontal feeding system aided by a feed conveyor. The mechanical
feed system increases productivity but horizontal grinders are more limited by
the size and shape of the residues than tub grinders. In both types of grinders,
processed material is removed from the comminution site and loaded either into
the trailer or dumped on the ground using a discharge conveyor.

Excavator

Residues Pile

To Mill
w Grinder g™ ==

Bin truck

Figure FL-3.34. Diagram of forest residue processing and transport using a stationary grinder.

Transportation of processed forest residues is made by chip trailers pulled by a

6 x 4 truck tractor. Typical trucks are tri-axle with traction in the two rear axles.
Some trucks can contain an additional non-powered drop axle to increase legal
weight capacity while others have power to all axles (6x6 all-wheel drive) in order
to improve traction on steep roads. Haul capacity is usually limited by the volume
of the trailer and the maximum allowable weight based on road regulations. A
typical 14.6 m long trailer can have a capacity up to 24.5 tonnes. Most chip trailers
are made with light materials such as aluminum and are open in the top and
contain an underneath extension known as a drop center to increase capacity. Non-



conventional trailers include stinger-steered, and rear steer axles. Rear steer axle
trailers allow large chip vans (trailer length of 14.6 m) to operate on narrow roads
and tight curves, however these trailers are more expensive than standard trailers
and are not yet common.

4.2. Model Description

The simulation model simulated in-field processing of forest biomass using
stationary grinding and transportation from the forest to a bioenergy facility.

The model was designed and implemented in JAVA platform using a package for
process-based discrete-event simulation developed by Helsgaun (2000). The model
is based on deterministic inputs.

Different conditions based on road accessibility were modeled by designing three
cases that were implemented to isolate and understand the effect of truck-machine
interference in steep terrain on grinding and transport productivity and economics.
In each case we analyzed the effect of road access as the limiting factor to increase
grinding productivity. The effect of number of trucks as limiting factor was also
analyzed.

Inputs for the model were grinder loading time, trailer capacity, number of trucks,
inter-arrival time between the trucks, average truck speed (paved, gravel and dirt),
turning-around time, positioning time, backing-up time (if needed), time to put the
tarp over the load usually after the trucks leaves the local area, and unloading time
at the bioenergy facility. Additionally the model needed the grinder spatial location
in relation to the road access for each of the design cases.

4.2.1. Case I: Stationary Grinder Truck-machine Interference with Truck Turn-outs
This case illustrates the situation when the processing site is located between a
truck turn-out and a truck turn around location (Figure FL-3.35). Single-track forest
roads allow the access of only one truck at a time. At the processing site the space

is reduced forcing an entering truck to stay in the road while is being loaded. In this
situation, when a truck arrives, it must check first if there is a truck at the processing
site. If no truck is at the processing site the truck can drive up to the grinder
location. However, if a truck is being loaded, the arriving truck must wait in a turn-
out (typically the entrance of the harvest unit, an intersection or a wide spot in the
road) until the first truck is loaded and passes the turn-out point.
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Figure FL-3.35. Case | model, in-road loading and turn-around located after processing site.

The truck turn-around is located beyond the processing point. For this case, the
waiting time of a truck arriving to the grinding site while another truck is being
loaded is a function of the loading time (based on grinder hourly productivity), the
time the loaded truck spends driving to the turn-out and the time between the truck
arrivals for the first arrival of the day (Eq. 12). Eq. 13 states that truck inter-arrival
times must not be greater than the processing time plus the time the loaded truck
spent driving between the grinder and the turnout location. This constraint allowed
us to isolate the effect of road access as the limiting factor of grinding productivity.
It provides an estimate of the highest grinder utilization rate possible (upper limit)
considering road access availability. The truck inter-arrival time constraint only
applies to the first arrival of the shift. Subsequent truck arrivals depend on the time
consumed as a function of the round-trip distance, travel time on the road system,
unloading time at the bioenergy facility, working shift duration and truck arrival
queuing time (if any). These additional factors may reduce grinder utilization below
the upper limit, but are beyond the scope of this study.

Grinder waiting time (Eq. 14) is dependent upon: (i) the time the loaded truck
is traveling from the grinder location to the turn-out (where the empty truck is
waiting); (i) the time that the arriving empty truck spends traveling from the
turn-out to the turn- around; (iii) the time that the empty truck spends turning
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around; (iv) the time the empty truck spends driving from the turn-around to the
grinder location; and (v) the time the empty truck spends positioning at the grinder
location.

Wt=Pz+Tagn_At [12]
4, =F+Ta, [13]
G =Ta, +1b,, +Tb,+Tb,, +Tb, [14]

W,  arriving empty truck waiting time while another truck is being loaded, (h)
P processing time for a truck load, (h)

Ta  thetimethe loaded truck is traveling from the grinder location, g, to the
turn-out, n, (h)

Y truck inter-arrival time based on the number of trucks at the beginning of the
" shift, (h)

grinder waiting time, (h)

o time that the empty truck spends travelling from turn-out, n, to the turn-
na around, a, (h)

Th ~ time thatthe empty truck spends turning-around on turn-around, g, (h)

h time that the empty truck spends travelling from the turn-around, n, to the
a grinder, g, (h)

Tbg time that the empty truck spends positioning at grinder location, g, (h)

4.2.2. Case llI: Stationary Grinder Truck-machine Interference with Turn-around
Located before Grinder Processing Site

Case Il models a situation where the turn-around is located near the processing
site, but off the road so that if a truck is being loaded, a second truck entering to the
processing site can stay in the turn-around until the loaded truck passes the point
where the turn-around is located (Figure FL-3.36). We assumed that the turn-around
has enough space for one truck to stay out of the road. After the first truck is loaded,
the second truck must back up to the grinder location.
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Figure FL-3.36. Case II, truck-grinder interference, turn-around located before processing site.

Truck waiting time for an incoming truck is a function of the processing time, the
time spent by the loaded truck to drive down from the grinder to the turn-around
location and the truck inter-arrival time Eq. 15. Truck inter-arrival times must

be less or equal than the processing time plus the time the loaded truck spends
driving to the turn-around (where the empty truck is waiting) Eq. 16.

Grinder waiting time is dependent on the time the loaded truck spent
traveling from the grinder location to the turn-around, plus the time the empty
truck is backing up in direction to the grinder, plus the time for positioning (Eq. 17).
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W,=P+Ta, -4

[15]
4 =F+Ta, [16]
G, =Ta, +Tb,, +TD, [17]

where:
Tbbg time that the empty truck spends backing up to the grinder, g, (h)

T,  timethataloaded truck spends travelling from the grinder location,, g, to
& theturn-around a (h)

4.3.3. Case llI: Stationary Grinder Truck-machine Interference with Off-road
Truck-loading Space

Case lll applies to a loop road that illustrates the ideal situation to avoid truck-ma-
chine interference. In a one-way loop road on steep terrain, no truck turn-around is
needed because the uphill and downhill traffic does not transit over the same road
(Figure F1-3.37).

Truck Arriving
to forest

Driving to
Processingssite

¥ Stationary grinder

Is tNow+
roundtrip time
<=12h?

Truck 2 (Th)

uphill 3 b

Returning to | Yes
forest unit

Truck 1 (Ta)
downbhill

Unloading
at plant

Driving to
bioenergyplant
nTrucks=0

To Bioenergy
Facility

Waitqueue at
Processing site

Truck
rruck Grinding
& truck
loading

nTrucks=1

Figure FL-3.37. Case Ill, truck-grinder interference, loop road.

The waiting time for a second truck arriving to the unit while the first truck is being
loaded is only dependent on the loading time (Eq. 18). Inequality 19 ensures that a
truck will be available for the grinder after a truck is being loaded. Waiting time of
the grinder is dependent on the positioning time of the arriving truck (Eq. 20).

RS
I
v
a

[18]
A =<P [19]
G, =Tb, [20]

This case also applies to situations where no truck-machine interference exists.
Off-road truck loading is a typical example where trucks are able to reach the
processing site and form a queue. However, these situations are not common on
steep terrain road systems, but were added to have a full spectrum of potential
scenarios.

4.3. Economic Model

We developed an economic model to estimate the costs of processing and
transporting forest biomass from residues using two sizes of stationary grinders and
three truck-trailer configurations. The processing equipment and transportation
options were selected from actual field operations in Washington and Oregon, USA.
We modeled the economics of a Peterson 4710B (522 kW) and a Peterson 5710C (783
kW), both track-mounted and horizontal grinders. Transportation configurations
modeled were two types of 6x4 truck-trailer combinations and one 6x6 truck-

trailer combination. One 6x4 truck was equipped with a 7.62 m long trailer with a
capacity of 13.6 tonnes. The other truck was equipped with a 13.72 m long trailer
with a capacity of 21.7 tonnes. The all-wheel drive truck (6x6) was equipped with a
hydraulic rear-steer axle 14.6 m long trailer with a capacity of 24.5 tonnes.

We estimated the hourly costs for situations when the grinder or truck were either
operating or waiting. Operating costs for processing and transportation were
calculated based on fixed cost, variable costs and profit and risk.

Fixed costs (Eq. 21) for processing and transportation were calculated based

on: (i) purchased price (Table FL-3.10); (ii) machine life (5 years, 7500 productive
machine hours for the grinders and 8 years or 1.2 million km for trucks); (iii) annual
depreciation (calculated using straight line depreciation method based on 20% of
salvage value); (iv) interest cost (10% of average yearly investment); (v) insurance
and road usage permits (10% of average yearly investment for trucks and 5% for the
grinders). We assumed a total of 1500 productive machine hours per year for the
grinders and 2000 productive hours for the trucks. All equipment was assumed to
be purchased new.

The hourly variable cost for processing (Eq. 21) consisted of: (i) labor ($45,000/year)
and benefits (35% of annual salary); (ii) fuel, (102 lt/h for the 4710B and 113 It/h for
the 5710C); (iii) lubricants (36% of fuel cost); (iv) grinder bits (22 bits with a size of
7x12.7 cm for the 4710B grinder with an average expected life of 58 h; and 20 bits
with a size of 7.6 x 16.5 cm, for the 5710C with an average expected life of 48 h);
and (v) general repair and maintenance (50% of annual depreciation cost). Grinder
loading was by a hydraulic knuckle boom loader on a tracked carrier. Supporting

FEEDSTOCK LOGISTICS - TASK 3. REFINE COLLECTION AND TRANSPORT MODELS FOR REGIONAL MODELING - PART 4 OF 6 | FINAL REPORT



NARA

Northwest Advanced Renewables Alliance

equipment consisted of one water truck and one service-operator truck. Overhead
cost includes, supervision, communication equipment and office support.

The transportation hourly variable cost (Eq. 22) consisted of: labor ($37,770/year)
and benefits (35% of annual salary); fuel cost, based on the travel speed (average
truck speed loaded or unloaded was set to 70 km/h on paved roads; 15 km/h on
gravel roads; and 10 km/h on dirt roads) and tractor-trailer weight (loaded and
unloaded) on different road surfaces (paved, gravel, dirt). We calculated the power
necessary to overcome rolling and air resistance forces. We assumed that rolling
resistance increased on gravel and dirt surfaces (coefficient of 0.013 in paved; 0.020
in gravel and 0.021 in dirt). We assumed an air density of 1.22 kg/m?* and a drag
coefficient of 0.8 for air resistance force calculations. Average frontal area of the
truck was assumed to be 9.29 m?. Tire cost was calculated assuming a tire life of
96,000 km. Lubricants were calculated as a percentage of fuel costs (36%). Repair
and maintenance were calculated as a percentage of depreciation annual cost
(70%). Overhead cost was calculated based on one dispatcher, communications
and office consumables.

F,=@,+i,+t,)/ H,

Vo=f,+l,+b, +k, +r,+x,+k, +5,+0, E;
Vt=fi].’r+l,+wt+bt+;;+ot [23]
where:
F,  hourly fixed cost of machine m, ($/h),
d,  annual depreciation cost of machine m, ($),
L, annual interest (finance) cost of machine m, ($),
t, annual insurance and taxes cost for grinder m, ($),

H,  annual productive machine hours, (h),
Vg

hourly total variable cost of grinder type g, ($/h),

B

hourly fuel cost of grinder type g, ($/h),

1, hourly labor cost of grinder type g, ($/h),

b, hourly lubricants cost of grinder type g, ($/h),
X, hourly cost of loader for grinder type g, ($/h),

k,  hou rly bits, cost of grinder type g, ($/h),

T, hourly repair and maintenance cost of grinder type g, ($/h),
S, hourly supportive equipment cost of grinder type g, ($/h),
0, hourly overhead cost of grinder type g, ($/h),

14 hourly total variable cost of truck type t, ($/h),

f[;, hourly fuel cost of truck type t traveling from i to j on surface road r, ($/h),
L hourly labor cost for truck type t, ($/h)

W, hourly tire cost for truck type t, ($/h)

b, hourly lubricants cost for truck type t, ($/h)

n hourly repair and maintenance cost for truck type t, ($/h)
0 hourly overhead cost for truck type t, ($/h)

Additionally, we added a profit and risk cost for the grinder and trucks that was
calculated as a percentage (10%) of total fixed and variable cost. Waiting costs for
transportation and processing were calculated based on the waiting time caused
by truck-machine interference. We assumed that no fixed cost existed when a truck
or grinder was not operating, i.e., machine productive life was not being shortened
when the machine is not operating. Total hourly waiting cost was limited to labor,
supporting equipment, and overhead costs. Profit and risk cost (when the truck or
machine is operating) was also included in the waiting cost estimation, to account
for the opportunity cost of loss of productivity while waiting. Eq. 24 for grinders and
Eq. 25 for trucks show the estimation of waiting costs.
We,=1,+s,+o0, + pr, [24]
We, =1 +o, + pr, [25]

We, hourly waiting cost for grinder type g, ($/h)
We,  hourly waiting cost for truck type t, ($/h)
pr,  hourly profit and risk for grinder type g, ($/h)

P, hourly profit and risk for truck type t, ($/h)
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Operating and waiting cost for the selected equipment are shown on Table FL-3.10
for processing options and Table FL-3.11 for transportation.

Table FL-3.10. Operating and waiting costs for processing machinery.

Table FL-3.11. Operating and waiting costs for transportation options. Standard trailers were pulled by 6x4
truck tractors, the rear steer-axle was pulled by a 6x6 truck tractor.

Cost category Operating cost Waiting cost
Grinder Grinder Grinder Grinder
4710 B 5710C 47108B 5710C
Fixed costs
Purchase price ($) 515,000 700,000
Depreciation, ($/h) 54.93 74.67 - -
Interest, ($/h) 23.35 31.73 - -
Insurance and taxes, ($/h) 17.17 23.33 - -
Annual productive machine hours,
(h) 1,500 1,500 - -
Hourly fixed machine cost, ($/h) 95.45 129.73 - -
Variable costs
Labor, ($/h) 33.75 33.75 33.75 33.75
Bits, grates and anvil cost, ($/h) 18.68 21.88 - -
Repair and maintenance, ($/h) 27.47 37.33 - -
Grinder Fuel Cost, ($/h) 108.00 120.00 - -
Lubricants cost, ($/h) 38.88 43.20 - -
Loader cost, ($/h) 102.89 102.89 - -
Supporting equipment, ($/h) 14.80 14.80 14.80 14.80
Overhead cost, ($/h) 21.08 21.08 21.08 21.08
Hourly variable costs, ($/h) 365.54 394.94 69.63 69.63
Profit and risk 10%, (S/h) 46.10 52.47 46.10 52.47
Total hourly cost, ($/h) 507.09 577.14 115.73 122.10

Category Operational cost by trailer type Waiting cost by trailer type
Standard Standard  Rear steer- Standard Standard Rear steer-
7.62m 13.7m axle14.63m  7.62m 13.7m axle 14.63 m

Fixed costs

Purchase price

tractor-trailer, ($) 100,000 180,000 300,000

Depreciation, ($/h) 4.64 8.24 14.70 - -

Interest (S/h) 3.23 5.81 9.74 - -

Insurance and taxes

($/h) 3.23 5.81 9.74 - -

Annual productive

machine hours (h) 2,000 2,000 2,000 - -

Hourly fixed cost

($/h) 11.10 19.86 34.17 - -

Variable costs

Labor, ($/h) 23.18 23.18 27.61 23.18 23.18 27.61

Tire cost, ($/h) 6.41 6.41 9.50 - -

Repair and

Maintenance, ($/h) 3.25 5.77 11.76 - -

Fuel & Lubricants,

($/h) 23.87 29.08 32.83 - -

Overhead cost, ($/h) 6.70 6.70 6.70 6.70 6.70 6.70

Hourly Variable cost

(S/h) 63.40 71.14 88.40 29.88 29.88 34.31

Profit and Risk 10%

($/h) 7.45 9.10 12.26 7.45 9.10 12.26

Total Hourly Cost

(S/h) 81.96 100.10 134.83 37.33 38.98 46.57

Given that the hourly transportation fuel cost changes with the traveled distance
in each road surface, we assumed an average transportation cost for a round-
trip distance of 120 km (100 km on paved, 16 on gravel and 4 on dirt roads) for
illustration purposes in Table FL-3.11.
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4.4. Model Applications

We compared model outcomes to actual recovery operations in western Oregon
and Washington, USA, for each of the proposed cases. The model was then used
to minimize the cost of the operation and improve productivity by reducing truck-
grinder interference. We used the same actual operational parameters in each
operation, as model inputs. Grinder utilization and economics were evaluated and
optimized as a function of the number of trucks required to minimize processing
and transportation cost of the operation. After the optimization, we evaluated the
effect of road accessibility in grinder utilization as the limiting factor for each case.

For case |, the analysis was performed in a harvest unit located about 78 km west of
the city of Port Angeles in northern Washington, United States (48°14’43”N, 124°12’
41”W). Forest residues were processed in the field and transported to a bioenergy
facility. The unit was characterized by steep, single passage roads (Figure FL-3.38).
Paved highway distance from the bioenergy facility to the entrance of the unit was
65 km. The distance from the entrance of the unit to the processing site (stationary
grinder location) was 13.65 km (12.65 km of gravel road and 1 km of dirt road).
Maximum road grade in the internal forest road was an adverse grade of 16% for the
unloaded truck. Distance from the turn-out (truck waiting point) to the turn-around



site was 1.05 km. Distance from the grinder to the turn-around was 50 m.

Figure FL-3.38. Road access and processing location for study site Case .

A Peterson 5710C was used to process the residues. The shift duration was ten
scheduled machine hours. This included 9.25 productive machine hours and 45
minutes of daily scheduled downtime. Thirty minutes were allocated for cleaning
and maintenance and 15 minutes for engine warm-up. Two 6x6 trucks, each
equipped with a rear-steer axle 14.6 m long (24.5 t of capacity) trailer, were used
to transport the processed residues. Based on the time field test, we calculated an
average truck loading time of 27.61 minutes (53.24 t/productive machine hour) in
the study unit. Truck turn-around time and truck positioning at the processing site
were each fixed at 5 minutes. Unloading time at the mill was estimated to be 30
minutes per truck.

Case Il was analyzed and modeled in a harvest unit located 19.2 km south of the
city of Cottage Grove, Oregon, United States, (43°39’56”N, 122°57°15”’W). Distance
on paved road from the entrance of the unit to the bioenergy facility was 60.5 km.
Distance on gravel road from the entrance of the unit to the turn-around was 5.8
km. Turn-around to grinder location distance was 60 m. Maximum road grade found
in the gravel road network was and adverse grade of 8% for the unloaded truck
(Figure FL-3.39).
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urn-aroundey

Figure FL-3.39. Road access and processing location study site Case II.

A Peterson 4710 B (522 kW) was used to process the residues. Three trucks, each
equipped with a 13.72 m long trailer with a capacity of 21.7 tonnes, were used to
transport biomass the material to a co-generation plant for electricity production.
Average in-field loading time was 22.38 minutes. We used the same values
estimated in Case | for the time the trucks spent turning-around, positioning and
unloading at the mill. Truck backing speed was 3 km/h.

Case lll was evaluated in a forest operation located 6 km from the city of Rockaway,
Oregon, United States (45°34°51”N, 123°54’ 36”’W). Processed material in this unit
was transported using two short trucks (7.62 m long and a capacity of 14.5 tonnes)
to a transfer yard where the product was dumped and loaded into long trucks
(16.15 m long with a capacity of 27 tonnes). Since our study is focused on the
truck-grinder interference, we analyzed cost of processing and transport until the
material was dumped in the transfer yard. The processing site was located at the
top of the harvest unit. Uphill gravel road distance from the entrance of the unit to
the grinder location was 6.72 km. Downhill gravel road distance from the grinder to
the exit of the unit was 6 km. A maximum road grade of 12% was found on the uphill
gravel road. Distance on paved road from the exit to the transfer yard was 8.48 km
(Figure FL-3.40). A Peterson 4710B was used to process the material. Estimated
grinder processing time per truck was 18.65 minutes (46 t/productive machine
hour).
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Processing location

Figure FL-3.40. Road access and processing location for the study site Case lll.

4.5. Results and Discussion of Truck-Machine Interference

4.5.1. Case |

In this case, after a truck is loaded, the grinder must wait for the next truck to arrive.
While empty trucks are available, grinder waiting time is dependent on the road
characteristics. We calculated the time elements necessary to estimate grind-
er-waiting time (Table FL-3.12). Grinder waiting time was calculated using Eq. 14.
The grinder had to wait 22.9 minutes per load due to the effect of the distance be-
tween the turn-out and the grinder location. Adding the grinder waiting time to the
actual loading time (27.61 min), gives an estimated total cycle time of 50.5 minutes
including the grinder waiting time between truck arrivals (if trucks are available).

Table FL-3.12. Time elements to estimate grinder-waiting time in Case I.

Truck type From To Distance (km) Time spent (min)
Truck out, (Tag,) Grinder Turn-out 1.00 6.00
Truck in, (Thy,q) Turn-out Turn-around 1.05 6.30
Truck in, (Thy) Turning-around - - 5.00
Truck in (Thgg) Turn-around Grinder 0.05 0.60
Truck in, (Thg) Positioning - - 5.00
Grinder waiting time 22.90

The actual operation used two trucks to transport the processed forest biomass.
The results show that the grinder was utilized only 20% (4 loads per day of 24.5
tonnes each) of the potential productive time. We calculated the total costs per
bone dry metric tonne (BDMt) of processed residues, assuming average moisture
content of 30% wet basis (Briggs, 1994). Processing (grinding) cost accounting for
waiting time was estimated at $31.01/BDMt. Grinder waiting cost accounted for 46%
($14.01/BDMt) of the total processing cost. Transportation cost was $26.42/BDMt.

The effect of number of trucks on the utilization rate was analyzed by modeling
different scenarios varying the number of trucks from one to ten. We assumed that
trucks worked a minimum 8 hours and a maximum of 12 hours. Truck first inter-
arrival time was assumed to be equal to the processing time plus the time the
loaded truck traveled from the grinder location to the turn-out. This guaranteed
that grinder and truck arrival waiting time were minimized (in the case of the
grinder it only applied if empty trucks were available).

Adding more trucks, could minimize grinder-waiting time but road characteristics
need to be considered. Maximum grinder utilization rate was 60% (12 loads per
day), using 6 trucks (Figure FL-3.41). Adding more than 6 trucks did not increase the
grinder utilization because the system became limited by road access. Adding more
trucks might also lead to more congestion at truck arrival, increasing the round-trip
time. Some trucks were not fully utilized because they are not be able to achieve
the minimum working hours. Total cost decreased 38% due to an increase in the
grinder utilization from 10% (one truck) to 60% (6 trucks).

80.0
70.0
60.0
50.0
40.0
30.0

Total Cost ($/BDMt)

20.0
10.0

1-Truck

3-Trucks 4-Trucks 5-Trucks 6-Trucks 7-Trucks

Number of trucks available

2-Trucks

B Grinder operating B Grinder waiting ~ B Transportation

Figure FL-3.41. Total cost of forest biomass processing and transport for study site Case I. Costs are expressed
in US dollars per bone dry metric tonne.

Distance from the turn-out to the processing site greatly affected grinder utilization,
accounting for 54% of the total waiting time per cycle due to road accessibility.

The economic effect of changing distance between the turn-out to the processing
site was analyzed. We made a sensitivity analysis varying the turn-out-processing
site distance from 0.5 km to 10 km, the distance to the bioenergy facility was keep
constant. Six trucks were used in the model in order to isolate the effect of road
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accessibility as the limiting factor. All other inputs remained the same. The cost . increased by $3.7/BDMt when changing the distance from the turn-around to the
increased by $33.2/BDMt when the turn-out to grinder distance is increased from . grinder increased from 50 to 500 m (Figure FL-3.44).
0.5 km to 10 km (Figure FL-3.42). This difference in cost can be used to assess :

the potential benefits of building a truck turn-out closer to the grinding site or
increasing the grinding site area to allow off-road truck loading. 60.0
—g 50.0
100
2 400
z «z
= 30 = 30.0
=] 3
(=] Q
R 60 ® 20.0
- 3]
.g F 100
S 40
© : )
o) 20 : 1-Truck 2-Trucks 3-Trucks 4-Trucks 5-Trucks 6-Trucks 7-Trucks 8-Trucks
- :
Number of trucks available
O - o - o - o o - o - .
1 2 3 4 5 6 7 8 9 10 B Grinder operating B Grinder waiting B Transportation
Distance from turn-out to grinder (km) Figure FL-3.43. Total cost of forest biomass processing and transport for study site Case II.
Figure FL-3.42. Sensitivity of total cost to changes in truck turn-out-grinder distance, study site Case .
Table FL-3.13. Time elements to estimate grinder-waiting time in Case Il.
Truck type From To Distance (km) Time spent (min)
4.5.2. Case Il . . . Truck out, (Tag,) Grinder Turn-around 0.06 0.36
For the actual operational conditions in Case Il (5 trucks, 10 loads of 21.7 tonnes , ,
.. A . . Truck in, (Thbyg) Turn-around  Grinder 0.06 1.20
each per day), the grinding utilization rate was 60%. Processing cost was estimat- : ) S
ed as $19.14/BDMt and transportation was $26.46/BDMt. Results for the operation © [ Truckin, (Thy) Positioning - - 5.00
indicated that seven trucks minimized total processing and transportation costs (19 : [ Grinder waiting time 6.56
loads of 21.7 tonnes each per day). Maximum grinder utilization was estimated to :
be 77%. Although adding one more truck increased grinder utilization rate (81%), 35
the extra truck was not fully utilized and the queuing time at arrival was higher (Fig- =
ure FL-3.43). This increased the overall transportation cost and minimizing the net g 34
gain. Grinder waiting time due to road accessibility was 6.56 min per cycle (Table a 33
~
FL-3.13). v 32
. % 31
In Case Il, after the number of optimal trucks was reached, the system became o
limited by the time that the in-coming truck spent backing up and the time the bt 30
loaded truck spent traveling from the grinder to the turn-around location. Truck 329
. . . (=)
backup time depended upon the distance from the turn-around to the grinder ; - 28 S S S S S S
location, and the average backup speed (3 km/h). 50 100 200 300 400 500
To illustrate the effect of the backup distance we made a sensitivity analysis Distance from turn-around to grinder (m)

changing the backup distance from 50 to 500 m. Based on the results, costs

Figure FL-3.44. Cost sensitivity to changes in turn-around to grinder distance study Case Il.
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4.5.3. Case lll

Actual grinder utilization rate using two trucks was 40%, with a processing cost of
$20.73/BDMt and a transportation cost of $21.76/BDMt. The most cost-effective
number of trucks for this unit was four (24 loads of 14.5 tonnes each). The maximum
grinder utilization rate was 74%. Adding one more truck increased utilization rate to
81%, but the increased truck queuing time and the underutilization of some units
raised the transportation costs, causing an overall increase in the total costs (Figure
FL-3.45).
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Figure FL-3.45. Total cost of forest biomass processing and transport for study site Case Ill.

If truck positioning was the only factor limiting grinder utilization, we estimated
that the grinder could be utilized at a maximum of 84%. The rest of the time the
grinder has to wait for the truck to be positioned. We used a value of 5 minutes for
positioning, but this value could vary according to the experience of the driver and
the maneuver difficulty in relation to the road and grinder position. In any case this
can have a significant effect on grinder productivity as the number of loads per day
increases.

4.6. Summary of Results

Results from the three grinding sites show how truck-machine interferences
affect the economics of processing and transport. Waiting cost for processing and
transportation were estimated using labor, supporting equipment, overhead and
profit and risk (when operating) costs. Grinder utilization rate was dependent on
the number of available trucks and road accessibility conditions. As optimal truck

number for each unit was reached, the system became limited by the road access
characteristics expressed in each of the three cases (Figure FL-3.46). The maximum
grinder utilization rate reached 81% for Cases Il and lll. However, maximum
utilization rate did not necessarily indicate that the minimum cost of processing
and transportation was achieved.
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Figure FL-3.46. Effect of number of trucks in grinder utilization rate for the three study sites.

The site analyzed for Case | represented the most constrained situation in terms of
truck accessibility. With the optimal number of trucks (6), waiting costs represented
13% of total grinding costs. For Case Il results from the model indicated that
optimal number of trucks was seven. Grinder waiting cost accounted for 7% of total
grinding costs. In Case lll, although a maximum grinder utilization of 81% was found
using five trucks, the increase in transportation cost caused by truck queuing time
and truck underutilization, impacted the gain resulting in an optimal number of 4
trucks (74% of utilization rate).

Under actual operational conditions at the three field sites the number of trucks
was the limiting factor. Specific reasons were given by each of the managers to
explain the lack of trucks. In Case I, only two trucks were assigned to the unit
because the local bioenergy facility accepted a specific quota of biomass per day.
In Case Il only five trucks were used because the local trucking companies were
unable to provide more than five trucks. In Case Il the contractor only owned two
trucks that were designated to the operation.
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A summary of the optimized number of trucks and potential economic savings are
shown on Table FL-3.14. Although Case Ill was least constrained in terms of road
access characteristics, it was still affected by waiting time caused by the truck
positioning. Case Il reported the minimum cost savings of the three cases since
the number of trucks used in the actual operation (5) was close to the optimal (7)
predicted by the model.

Table FL-3.14. Summary of results for the three cases.

Category Casel Casell Caselll
Assumed moisture content (%) 30 30 30
Grinder Productivity BDMt/productive machine hour 37.3 45.04 36.09
Actual number of trucks 2 5 2
Optimized number of trucks 6 7

Actual grinding cost ($/BDMt) 31.01 14.26 20.73
Optimized grinding ($/BDMt) 19.14 13.28 16.74
Actual grinder waiting costs as percentage of grinding cost 46 13 25
Optimized grinder waiting costs as percentage of grinding cost 13 7 5
Actual transportation cost ($/BDMt) 26.42 2036 21.61
Optimal transportation ($/BDMt) 26.46 20.48 22.02
Savings from optimized solution ($/BDMt) 11.83 0.86 3.58
Saving in as a percentage of total (%) 20.60 2.50 8.46

4.7. Conclusions for Truck-Machine Interference

We developed three simulation models and analyzed three actual in-field grinding
sites that illustrated the economic effect of truck-machine interaction on biomass
processing and transport operations. A considerable amount of the variability

in forest residue processing costs was explained by understanding truck-grinder
interactions. Truck-grinder interference affected grinder productivity in two ways.
One is produced by the lack of trucks to keep the grinder producing. The other
occurs when road accessibility characteristics limit the amount of truck that can
reach the processing site at the same time. The model provides to the analyst a
method to estimate the potential waiting times for the grinder and produce an
accurate utilization rate at the operational level. In addition, the model allows the
analyst to simulate different scenarios and analyze the sensitivity of a specific site
to particular factors as number of trucks, truck size, grinder productivity, and road
characteristics.

The model can also be used by contractors to assess the potential economic losses
of operating in difficult access areas. Based on the results of the model, operating
at a site with the characteristics expressed in Case | would cost more compared to
sites that have the characteristics of Cases Il and Ill. If the number of trucks is not
the limiting factor, Cases Il and Ill must be preferred to avoid significant productivity
reductions.

In our model, we assumed that the forest residue piles were made before the
grinding operations. However, if piling and processing activities are performed at
the same time, the time spent waiting by the grinding operation can be beneficial,
if the waiting time is large enough to allow the loader to work on piling. Future
analysis will be needed to analyze the potential economic trade-offs of the waiting
times to pile the material.

The model is designed to be applied at the forest residue pile level. In a typical
unit with different piles of residues, the model can be used to evaluate grinder
utilization rates at each residue pile and also to estimate the economic feasibility
of processing some piles with difficult road access. All forest residue piles do not
need to be processed and transported. Currently only a small fraction of residues
is utilized while most are burned. Given the limited value of forest residues, careful
cost management is needed to create successful businesses. Future research will
incorporate this model into a complete decision support system that will optimize
forest biomass processing and transport at the harvest unit level.

5. Economic Optimization of Forest Biomass Processing and
Transport

5.1. Introduction

A model based on mixed integer programming (MIP), Geographic Information
Systems (GIS), simulation and forest operation analysis is presented to
economically optimize the processing and transportation of forest biomass from
residues for energy purposes. The model is incorporated in a computerized decision
support system Residue Network Optimization (RENO) and estimates the optimal
mix of methods and equipment for conducting forest biomass recovery operations
given a residue assortment, road and landing access and product deliverables.
The problem to be solved is classified as a special case of multi-commodities,
multi-facilities problem. The solution procedure represents the problem as a
network and properly defines the possible arcs, nodes and their cost. At each
point of comminution, different types of equipment can be used depending on the
site characteristics and spatial location of the residues. Similarly not all tractor-
trailer configurations can reach all forest residue locations. Some processing
operations are closely coupled to transportation and others are not. The decision
in this problem is what volume of residue type x, at each forest location, w, will
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be processed in location z, by equipment type m and transported by a truck type
tin order to minimize total processing and transportation costs subject to road
accessibility, centralized yard availability, truck turn-arounds, and truck turn-outs.
Costs in the network are calculated with the support of a simulation model to
account for truck-machine interactions. The model is designed to give support to
forestry managers, landowners and contractors at the operational level.

Most of the current literature related to this problem is focused in the optimization
of a biomass supply chain at a strategic or tactical level. Van Belle et al. (2003),
presented strategies for supplying coal-fired power plants with forest residues
based on three levels of procurement and social and environmental factors. The
authors tested different biomass processing systems for each procurement level.
Flisberg et al. (2012) developed a decision support system for forest fuel logistics
for heating plants in Sweden. The linear programming model considered the use
of different processing and transportation technologies. Economic savings were
reported at tactical level. Mobini et al. (2011) used discrete-event simulation to
investigate the logistics of supplying a power plant with forest biomass. They
estimated potential delivered volume and cost to the gate of the plant including the
potential carbon emission produced in the process. Roser et al. (2006) developed
a decision support system for analyzing forest harvesting and residue recovery
options for energy production. Their research described the use of harvesting
residues for energy production and potential soil nutrient depletion. Frombo et al.
(2009) developed an environmental decision support system to find the optimal
plant size, location and technology for power production from woody biomass. A
non-linear mixed integer programming model was used as the solution approach.
Authors applied the model to a strategic optimization problem in Italy. Although
these studies provide support to forest biomass recovery operations, they do not
consider factors at the operational level such as road characteristics, pile location,
and truck-machine interactions that can have a great impact on the economics

of the operation. These factors must be addressed at a detailed level in order to
provide effective methods to reduce costs, increase profitability of the operation
and ensure viability of the supply chain in the long term.

The main goal is to provide economical and operational decision support to forest
managers and landowners for the renewable energy supply chain from forest
residues. The general objective of this section is to propose a new methodology that
combines simulation, mixed integer programming (MIP) and geographic information
systems (GIS) to optimize forest biomass processing and transport economics at the
operational level. Specific objectives are: (i) to develop a solution procedure for the
economic optimization of forest biomass processing and transport; (ii) to provide
accurate estimates of cost effective processing and transportation options given
specific operational factors such as pile location, road grade, road standard, turn-
around location, truck-machine interference, forest road distances and available
technology; and (iii) to develop a computerized decision support system with a
graphical user interface to enable analysts to optimize their operation.
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The scope of this section primarily relates to difficult access sites characterized

by steep roads and mountainous landscape, although is also applicable to other
areas with less restricted road accessibility. Different systems for processing and
transport are available for forest managers and land owners in the United States.
Comminution options include stationary horizontal grinders (electric or diesel),
tub grinders, and forwarder-mounted mobile chippers. Short distance in-forest
transportation options for unprocessed residues comprise small trucks such as
hook-lift trucks, bin trucks and dump trucks. Long distance transportation options
include chip vans with different types of tractor-trailer configurations. Trailers
vary in length from 9.75 m to 16.15 m. An extension in the bottom center of the
trailer (drop-center) increase the capacity of hauling the chips but decreases the
ability of the truck to cross vertical curves. Different processing and transportation
systems include: (i) stationary grinder at centralized landing with bin, dump or
hook-lift trucks; (ii) stationary grinder processing at each pile location; (iii) mobile
chipper processing at each pile and loading set-out trailers; (iv) stationary grinder
at centralized processing yard with direct discharge into piles; and (v) bundlingin
forest and grinding or chipping at the bioenergy plant.

5.1.1. System 1: Stationary Grinder at Centralized Landing with Short Trucks

This system is suitable for sites with difficult access for chip vans. Minimum equip-
ment required is one stationary grinder, two excavators (one to load the grinder and
the other to load the hook-lift truck), one hook-lift truck or bin truck, and one chip
van. Logging residues are extracted and pre-piled along the road near to the harvest
unit. Then, with an excavator, the slash is loaded into small containers (30-40 cubic
meters), located along the road or directly to containers on the hook-lift trucks. The
containers are trucked to the centralized landing by hook-lift trucks where the res-
idue is processed using a stationary grinder. Finally, the product is conveyor fed or
blown into chip vans and transported to the bioenergy plant. A centralized landing
represents a location within the forest unit that can be used as processed center,
but access is limited to internal forest road characteristics.

Figure FL-3.47a displays the different stages of this system. The solid black line
represents the forest road network that provides good access to the chip van, while
the dotted black line represents difficult road conditions only accessible by small
trucks. A centralized landing must be located in a strategic location that minimizes
the distance between the forest residue piles and provides easy access for trucks
pulling chip vans to turn-around and to be loaded. This system reduces the

moving cost performed by a lowboy or “walking” the grinder or chipper between
comminution points. Disadvantages are: (a) the bin or hook and lift truck cost, due
to its small capacity is highly sensitive to increases in travel distance (between the
piles and the centralized yard); (b) hook-lift trucks are usually limited by volume
rather than weight due to the heterogeneity and low bulk density of the raw
material; (c) determining the optimal location of the centralized landing is a difficult
task that involves many choices; (d) few planning tools are available to help forest
managers of landowners make these choices; and (e) the necessary area to pile all
the residues for the centralized landing may not be available within the unit.
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5.1.2. System 2: Stationary Grinder with Processing at Each Pile

This system also works around the stationary chipper, but no hook-lift trucks or
excavators are used to move the material closer because no centralized landing is
established. Instead, a stationary grinder moves itself between each pile and pro-
cesses the material in situ. The use of this system is dependent upon the amount

of raw material in each pile. Minimum equipment required for this system is one
stationary grinder, one excavator, one lowboy truck available for moving, and one
chip van. The different stages of this system can be observed on Figure 3.47b. Ad-
vantages of this system are that it reduces the cost of the operation by eliminating
the use of small trucks or an additional excavator. Disadvantages are: (a) a decrease
in the overall productivity caused by the machine mobilization time which increases
as a function of the distance between piles; and (b) the grinder may not be able to
be placed at some piles located in zones with difficult access thus losing potential
supply sources.

Centralized
landing

Excavator

Forest
Residues Pile

Bin truck

Piles

Lowboy

b)

Figure FL-3.47. System 1 and 2 for processing and transport of forest biomass. a) System 1, stationary grinder
at centralized landing and small trucks supplying forest residues. b) System 2, stationary grinder processing
the material at each pile. The numbers in the black circles indicate the stages of the process for the system.

5.1.3. System 3: Mobile Chipper with Set-out Trailers

In system 3, comminution of residues is carried out with a mobile chipper that
moves between the piles to process the material and fill an attached bin. Then,
the processed material in the chipper bin is dumped directly into trailers (Figure
FL-3.48). Once the trailers are full (limited by volume or weight) of chips, a highway
truck can take them to the bioenergy plant. Minimum equipment required for this
system is, one mobile chipper, two trailers and one truck to haul the material to
the plant. Advantages of this system are the ability of the mobile chipper to reach
different pile locations and the reduced truck dependence produced by the partial
decoupling of the comminution process from the transportation. Also the mobile

chipper can access piles that are not at road side. Disadvantages of this system
are: (a) the residue must be cleaner in relation to the stationary grinders in order
to avoid rapid dulling of the chipper knives; (b) the chipper has lower productivity
compared to stationary grinders due to a smaller power plant; (c) mobile chipping
require the use of higher fixed cost and specialized machinery; (d) part of the time
the chipper is not working because of moving between the pile and trailer.
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Figure FL-3.48. System 3, mobile chipper, processing the material at each pile and loading trailers.

5.1.4. System 4: Stationary Grinder at Centralized Yard

This system utilizes a centralized yard that can be located at an easily accessible
place between the forest unit and the bioenergy facility. In differs from all other
systems as the stationary grinder is not loading the processed material directly into
trailers. Instead, the material is discharged directly into piles. The piled material is
then loaded into the truck by a front-end loader. The minimum equipment required
for this system consists of one stationary grinder, one bin truck to move the forest
residues from the forest to the centralized yard, one front loader, and one chip truck
for long distance transportation to the bioenergy facility (Figure FL-3.49). Advan-
tages of this system are that the processing of the residue is totally decoupled from
the long distance transportation, the grinder utilization rate is maximized and truck
machine interactions are reduced. Larger trucks can access the area minimizing
transportation cost by increasing transported volume per trip and a front-end load-
er can often load a truck more quickly than a grinder. However, the system is still
dependent upon the transport of loose residues from the forest. Operating costs
may rise due to the addition of a front-end loader and land rent charges, or legal
permits associated with the centralized yard.
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Figure FL-3.49. System 4, processing at centralized yard out of the forest unit. The numbers in the black circles
indicate the stages of the process for the system.

5.1.5. System 5: Bundler in Forest and Processing at Bioenergy Plant

System 5 involves chipping or grinding at the end use facility, which normally can
be implemented more economically, especially if the grinder is powered by elec-
tricity instead of diesel. As an alternative to long distance transport of loose residue
material in short trucks, the transport of forest residues can be improved by the use
of bundlers to package the material before long distance transportation. A bundler
needs to be located in a strategic location within the unit to produce the bundles.

The minimum equipment required for this system is one bundler, one bin truck

or excavator, one log truck adapted for the transport of bundles and one electric
grinder (Figure FL-3.50). An advantage of this system is that it potentially reduces
the processing cost by using electric motors instead of diesel engines, however

the savings has to compensate for the cost of bundling and transport the

packaged material to the bioenergy plant. In general the main constraint to the
implementation of this system is the bundling cost. The bundling process requires
one additional machine and therefore one step more in the forest biomass supply
chain. Also a bundler is a specialized machine with high fixed cost and can require a
skilled operator.
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Figure FL-3.50. System 5, producing bundles of residues at centralized landing and processing at bioenergy
facility. The numbers in the black circles indicate the stages of the process for the system.

Truck machine interactions occur when the operational circumstances and

road access limit productivity. We identified two general cases of truck-machine
interactions that primarily affect forest harvest residue recovery operations in steep
terrain. These interactions mainly occur with stationary equipment. With mobile
equipment these interactions are minimized with the use of setout trailers that
partially decouple the chipping from the transport. Case | occurs when access to the
pile is restricted to single lane roads and the comminution site is limited in space
allowing only in-road loading and the turn-around is located on the other side of
the processing location. If an incoming truck needs to reach the comminution site
but another truck is being loaded, the in-coming truck must wait at a turn-out

(e.g. wide spot in the road, an intersection or a turn-around) until the loaded truck
passes the point where the in-coming truck is waiting. In Case Il, the turn-around for
the comminution site is located before the processing location and the in-coming
truck can reach the turn-around and wait for the other truck to be loaded. After the
loading process is finished, the incoming truck has to wait for the loaded truck to
pass the turn-around and then the waiting truck can back up to the grinding site.
This causes an obstruction depending on the back-up distance but its impactin
grinder productivity is not as high asin Case I.

5.2. Model description

We formulated the problem as a network and solved it using mixed integer
programming and simulation. The network problem can be classified as a special
case of the multi-commodity, multiple-facilities problem. Forest residues exist

at a number of predefined locations (nodes) along existing roads (arcs). At each
predefined location, a defined quantity of forest residues could be transformed into
chippable or non-chippable (grindable) material and either processed at roadside,
bundled, or carried to a number of predefined trans-shipment points. At a trans-
shipment point, residues can be upgraded (comminuted) and loaded for longer



distance transport to plant facilities. Trans-shipment points can usually be accessed
by larger capacity highway trucks. The model assumes that residues are located

at road-side. The cost of forwarding residues to road-side can be included in the
model, but the scope of this study is focused on processing and transportation.

Economic optimization of forest residues processing and transport refers to
identifying the most cost effective alternative under the limitations of the
machinery, trucks, material and site. In order to find the best alternative, the model
needs to combine cost and productivity information, user inputs, mathematical
optimization and simulation. The model, called Residue Evaluation and Network
Optimization (RENO), was incorporated in a computer program developed using
the Java platform. RENO is able to read spatial vector data and generate the matrix
for the mathematical optimization model. User inputs are: (i) a geospatial vector
file with information about the location of the piles, truck turn-arounds, and
potential centralized landings within a forest unit; (ii) a geospatial vector file of the
internal road system; (iii) forest road grade and standard, (iv) unprocessed material
transportation options; (v) comminution options, (vi) long distance transportation
options; (vii) mixture of species and average moisture content; (viii) stumpage cost;
(ix)highway distance, (x) price. Outputs from the model are: (a) cost of processing
and transport of each pile; (b) net revenue; (c) selected comminution technology;
(d) selected transportation technology or technology combination for each pile; (e)
potential machine utilization rates at each processing location; and (f) sensitivity
analysis for the main variables affecting cost such as changes in moisture content,
changes in road distance from the entrance to the unit to the bioenergy facility or
changes in machine productivity.

A preprocessing of the vector data is needed to enable the program to read the
spatial location of residue piles and road features in relation to the forest road
network. A network layer is created by splitting the forest road at each pile, turn-
around, turn-out and junction location (Figure FL-3.51). The road segmentation at
each point allows the program to create and adjacency list of the road network to
calculate transportation distances between residue piles and other road features.
RENO calculates the distance between points in the road network using the shortest
path Floyd-Warshall algorithm (Floyd, 1962; Warshall, 1962). The preprocessing
process was made on ArcGIS 10 (ESRI, 2012).
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Figure FL-3.51. Vector data preprocessing, indicating the forest road segmentation at each feature location
(forest residue pile, truck turn-around, truck turn-out, unit entrance and potential centralized yard.

RENO creates routes based on the preprocessed spatial data and user inputs.

A hypothetical network with two residue piles is presented on Figure FL-3.52 to
explain how RENO constructs a network. Each pile (node 1 or 2) is candidate to be

a centralized landing if it is large enough to allow a normal flux of processing and
transport of raw material. Additionally, potential centralized yards (node 3) can be
included within the spatial data. A fixed cost associated to each pile or potential
centralized landing is charged to account for the mobilization cost of the machinery
to the site and to each candidate processing location. Variable processing cost

of the residues is not accounted for in these arcs because comminution costs

are dependent upon the type and number of available trucks. Traffic between

piles or processing locations is only allowed using short distance transportation
trucks, specifically on arcs ¢, d, e, and f. For each pile a node representing the truck
turn-around is created (nodes with turn- around symbol). These nodes provide
additional arcs (g, h, k, and [) that allow the program to represent the variable
transportation cost of chip-vans in the internal forest road and also to track the cost
from each pile. Additionally these arcs allow the analyst to include the fixed cost
related to road improvements such as creating turn-arounds. Each turn-around

is connected with several nodes (T1 and T2) indicating the transportation options
selected by the user. Each transportation option is linked to a node (I-1 and I-2) that
is used to represent the comminution cost which is a function of the type, number
of trucks and truck machine interactions (arcs m, n, o, p, g and r). The cost assigned
to each arc is calculated by a simulation model that estimates the machine (grinder
or chipper) potential utilization rate based on the road configuration inputs and
number of trucks. The program first analyses the road characteristics for the source
pile under analysis and then locates an adjacent and feasible truck turn-around and
turn-outs and calculates internal distances between them. After this process, the
program simulates a ten-hour shift using the type and number of trucks specified
by the user to estimate the productive and standing time. Finally, each I-node is
connected to the final destination (bioenergy facility). The simulation allows the
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program to account for the effect of truck-machine interactions on productivity.
Each arc (s, t, u, v, w, and x) is used to estimate the transportation cost from the
entrance of the unit to the bioenergy plant. This is usually the paved highway

distance and does not include the internal road distances within the forest unit.
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Figure FL-3.52. RENO routes that form the network in a typical road system with two residue piles.

Hourly productivity and costs (operating and standing) from each processing
option were estimated from time and motion studies in different field conditions in
Oregon and Washington, USA. Additionally, equipment suppliers, contractors, land
owners and forest managers were consulted about their accounting systems used
in forest biomass recovery operations to compare calculation schemes and improve
accuracy of the cost estimations. In this study, we accounted for the standing cost
for grinders and trucks, due to truck-machine interactions. This is calculated using
a simulation model. This special feature improved the traditional costing systems
since the effect of truck-machine interactions is accounted for at the pile level.
Standing cost for processing and transportation options were estimated based on
labor, supporting equipment, overhead, and opportunity costs. To estimate the
opportunity cost, we used the hourly profit and risk allowance calculated when the
machine is operating.

5.3. Mathematical Formulation

The challenges in this problem are to properly define the possible arcs in the
network and their costs. At each point of comminution, equipment of different sizes
can be used, with different mobilization costs and production costs. Similarly, not
all trailers types can reach all forest residue locations. Some operations are closely
coupled (e.g. stationary grinders) and others are not (e.g. mobile chippers). The
question to be solved is what volume of residue type, r, at each forest location, i,
will be processed in location, j, into product type, p, by equipment type, m, and
transported by truck type, n for primary transport, and truck type, t, for secondary
transport to a plant, k, to minimize total cost or maximize net revenue subject to
demand, road accessibility, centralized yard availability, and truck turn-around.

The processing operations for modeling purposes can be divided in stationary and
mobile machines. In the case of stationary grinders, each pile is a candidate to be

a centralized landing if it is large enough to allow a normal flux of processing and
transport of raw material. Also the road network must permit the chip vans to reach
the centralized landing. Mobilization cost of a stationary grinder is a function of the
number of forest residue piles minus one. A centralized yard is defined in this study
as a location outside the unit with good access for high capacity trucks and with
enough space to allow tricks to turn-around.

The model represents the economic optimization of processing and transport as
a capacitated network problem B=(V,L), where V are the nodes (piles, processing
locations, turn-arounds, centralized landings, centralized yards, bioenergy

plants) and L represents the directed links. The cost estimation and mixed-integer
formulation of the problem is presented below:

5.3.1. Sets and Parameters

set of forest residue type (sorted, unsorted)

set of residue pile locations

set of residue processing locations

set of plants

set of processing equipment system

set of trucks to transport unprocessed material (bin trucks, dump trucks, hook-
lift trucks)

T setof trucks for long distance transportation

P set of products (bundles, chips or grindings)

ZTX<

For cost estimation purposes we add the following sets to the model:
G setof road standards (dirt, gravel, paved)
H set of truck states while travelling (loaded, unloaded)
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5.2.2. Processing

ao”
aw™

m

ap;
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q;

m
wtj

hourly operating cost of processing using machine m, ($/h)

hourly standing cost of processing using machine m, ($/h)

hourly average productivity of machine m in forest residue type r, (green t/h)

standing time of machine m in processing location j, (h)

amount of residues type rin processing location j, (green t)

Processing time, as a function of the average productivity of machine mis:

w4
apt; = ——
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(26]

mp

. . L c.
Processing cost of machine min location j ($/greent), 7/ can be expressed as:

aw” awt” +ao™apt™
c{"ﬁ = J pj [27]
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5.3.3. Transportation
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hourly idle transportation cost of truck type t, in processing location j, ($/h)

hourly productive transportation cost of truck type tin road surface g in
state h (S/h)

capacity of truck t with product type p, (green t)

distance from processing site j to plant k

amount of product type p processed in location j, (green t)
average speed of truck t in road surface g in state h
average idle time of truck t at processing unit j (h)

average idle time of truck t at plant k (h)
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t
Round-trip travel time, ¥ in hours is:

a5
urt', = / [28]
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Pl = urt 2

Jjk

t
Truck Productive time UP? ;. as a function of truck productivity

4 qf 30
uptjk = » [30]

Jk

Transportation cost from c;?,’{ in $/green tis equal to:

t p ot .t ot
p | WWelpL +ul; (ultj + uit, )
cjp = > (31]
4q;

Equations 28-31 were adjusted to calculate the first stage transport costs % . Fixed
cost ¥i"and ¢ are cost related to improvements in road standard to allow access to
specific types of trucks if needed.

5.3.4. Fixed Costs
om?® fixed cost of transporting unprocessed forest residues type p using truck t on
*link jk
n''P fixed cost of transporting unprocessed forest residues type p using
i trucknon linkij

5.3.5. Decision Variables

W flow (green t) of unprocessed residues r (sorted or unsorted), delivered using
truck type n, from pile i, to processing site j

» flow (greent) product type p (chips or grindings), transported using truck t

from processing sitej to plant k

£ { 1 first stage transport type n are used on link ij
v 0 first stage transport type n not used on link ij
1 truck type tis used on link jk
Vi { 0 truck type tis not used on link jk
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5.3.6. Objective Function
The objective is to minimize the total cost of processing and transport forest bio-
mass from residues Eq. 32:

Min E EE( c7p + c?.l;c)x?;C +em?yl, + Ezzcg.rwg.r +

JKEJ pEP 1IET (jEJ nEN reR
SSSent s

meEM pEPzEZ

(32]

5.3.7 Restrictions
Equation (33) states that the amount of transported residue (green tonnes) has to
be equal to the sum of the available tonnage in each pile Q"

EW;’ =0/ V.€ILV.€R (33]
JjuJ

Conservation of flow at each node Eq. 34:
I =Y Yw =0 V. EJV,ERY EP [34]

KUK 0T neN iUl

Equation 35 represents the arc triggers to allow first stage transportation over links ij:

IIMf=w V,ELV,EJ [35]
neENreR

Equation 36 represents the triggers to allow second stage transportation over links jk:

EEM vizxh V. ELV eJ [36]
PEP €T

Binary variables associated to the arc triggers for all transportation options Eq.37:

£ ={o.1} V(i.j)ELY(j.k)ELY,ENY,ET [37]

Non-negativity constraint for continuous decision variables to guarantee that all the
flows have to be equal or greater than zero, Eq. 38:

nro _tp
w X =20

V(i,j)ELN(j,k)ELY,ENY EPN,ET [38]

5.4. Application and Results

We applied and compared the model results to actual operations in the western
Oregon and Washington, USA. We concentrated our analysis in one of the units
that contains all necessary features in relation to road access and pile location

that allowed us to explore all model utilities and analyze the results. The analysis
was performed in a harvest unit located about 27 km east of the city of Sutherlin

in southwest Oregon, United States (43°25’34”N, 123°3’37”W). The forest residue
piles contained mixed residues composed of western-hemlock (Tsuga heterophylla)
and Douglas-fir (Pseudotsuga menziesii) branches, tops and parts not meeting the
utilization standards for timber or pulp products. The diameter of the pieces ranged
from 10 to 20 cm and the length ranged from 2 to 4 m. Average moisture content

of the material based on 34 samples was 30% estimated by the wet basis method
(Briggs 1994). A total of 1034 green metric tonnes (GMt) were identified in fourteen
forest residue piles.

Forest residues were processed in the field and transported to a bioenergy

facility located 62 km from the entrance of the forest unit. The forest road system
within the unit was characterized by steep roads with a maximum road grade of
10%. Available forest residue piles, truck turn-around, truck turn-outs, potential
centralized yards and potential places to hook and unhook double trailers were
located using a GPS receiver Trimble GeoXH (Figure FL-3.53). The road system was
mapped with the aid of a road geospatial vector file obtained from the Oregon
Geospatial Enterprise Office, GEO (2012). Forest roads that were not represented in
the vector file were mapped using a Visiontac® receiver. The internal road network
and locations were processed using ArcMap 10 (ESRI, 2012).

Available equipment (Table FI-3.15) to process the material was: (i) one Peterson
stationary horizontal grinder 5710C (783 kW); (ii) one Peterson horizontal grinder
4710B (522kW); (iii) one Diamond Z tub grinder (745kW); and (iv) one mobile chipper
Bruks 805.2 (331 kW), mounted on a Valmet Forwarder 890.3.
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Table FL-3.15. Cost and productivity for available processing options.

Cost category

Operating cost
Grinder 4710 B

Grinder 5710 C

Tub Grinder 1000

Mobile Chipper

Hourly fixed machine cost, ($/h) 95.45 129.73 74.13 139.00

Variable costs

Labor, ($/h) 33.75 33.75 33.75 37.50
Knives or Bits ($/h) 18.68 21.88 16.85 16.00
Repair and Maintenance, ($/h) 27.47 37.33 21.33 56.00
Fuel and Lubricants Cost, ($/h) 141.09 156.76 156.76 62.67
Loader cost, ($/h) 102.89 102.89 102.89 -
Support equipment, ($/h) 14.80 14.80 14.80 14.80
Overhead cost, ($/h) 21.08 21.08 21.08 21.08
Hourly Variable costs, ($/h) 359.75 388.50 367.47 208.06
Profit and Risk 10%, ($/h) 45.52 51.82 44.16 34.71
Total Cost, ($/h) 500.72 570.06 485.76 381.76
Hourly productivity (GMt/PMH) 45.30 54.40 29.20 12.00
Cost per green tonne ($/GMt) 11.05 10.48 16.64 31.81

Figure FL-3.53. Available processing and transportation options and spatial location of forest residue piles
(P), truck turn-arounds (TA), truck turn-outs (TO), potential centralized landings and double trailers set-up
places (HD).

Northwest Advanced Renewables Alliance

Transportation options (Table FL-3.16) were: (a) two 6x4 trucks, each equipped
with a 9.75 m long drop center trailer with a capacity of 15.5 tonnes; (b) two 6x6
trucks, each equipped with an hydraulic rear-steer axle 14.6 m long trailer with

a capacity of 24.5 tonnes; and (c) two 6x4 trucks, each equipped with a 16.15m
long drop center trailer. Additionally, it was possible to couple two 9.75 m long
trailers to one truck tractor to increase hauling capacity to 27 tonnes (double
trailer configuration). Two hook- lift trucks each with a capacity of 4.9 tonnes were
available, in the case that unprocessed forest residues need to be moved between
the piles to establish a centralized landing or yard. If hook- lift trucks are used, an
additional loader is needed at the source points to load trucks. Each hook-lift truck
was available to rent at a rate of $70 per hour (operating or standing) including the
cost of the bin.

Since transportation costs vary according to the round-trip travel distance and
speed, we estimated, for illustration purposes, average transportation costs for a
50 km paved highway distance, an 8 km gravel forest road and a 2 km dirt road an
average speed of 70, 15, and 10 km/h respectively (Table FL-3.16).

Forest residue piles were located road-side. Each pile was considered eligible to

be a centralized landing and therefore hook-lift trucks can be used to transport the
material among the residue pile locations if needed. Forest residues pile 3 had an
associated fixed cost of $800 that represents the cost to clean the area to place the
stationary equipment (assuming six productive machine hours of knuckle boom
excavator with a cost of $136.64/PMH). When processing with the mobile chipper
this cost was assumed to be zero. In relation to the transportation, the access to
the piles within the forest unit was limited to 9.75 m long trailers and rear-steer axle
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14.63 m long trailers due to the reduced space in the turn-outs and turn-arounds
and potential off-tracking around the small radius curves from the entrance of the
unit to the pile locations. If the 16.15 m long trailer is selected to directly access
the piles, then a road improvement will be necessary in relation the horizontal and
vertical road geometry (e.g. fill ditches, remove or reverse road cross slope, and
roadway widening).

Table FL-3.16. Average hourly transportation costs for transportation options for an average round-trip dis
tance of 100 km on paved roads, 16 km on a gravel road, and 4 km on a dirt road.

Cost Operational cost
Standard Standard Rear steer-axle Doubles 9.75-
9.75 16.15m 14.63 m 9.75m
Fixed costs
Purchase price tactor-trailer,
(S) 160,000 200,000 300,000 195,000
Annual Depreciation, ($/h) 7.44 9.04 14.70 8.84
Annual Interest ($/h) 5.17 6.45 9.74 6.29
Annual insurance and taxes
($/h) 5.17 6.45 9.74 6.29
Annual productive machine
hours (h) 2,000 2,000 2,000 2,000
Hourly fixed cost ($/h) 17.78 21.94 34.17 21.42
Variable costs
Labor, ($/h) 23.18 23.18 27.61 23.18
Tire cost, ($/h) 6.41 9.98 9.50 10.69
Repair and Maintenance,
($/h) 5.21 6.33 11.76 6.19
Fuel & Lubricants, ($/h) 20.35 25.78 25.52 28.50
Overhead cost, ($/h) 6.70 6.70 6.70 6.70
Hourly Variable cost ($/h) 61.85 71.96 81.09 75.26
Profit and Risk 10% ($/h) 7.96 9.39 11.53 9.67
Total Hourly Cost (S/h) 87.60 103.30 126.79 106.35
Truck Capacity 15.5 25.4 22.7 27.5

the forest unit the trailers would need to be decoupled due to narrow road width
that would not allow for off-tracking.

The questions from an analyst’s perspective are: (i) which pile locations can be used
as centralized landings; (ii) should a centralized yard be established; (iii) what type
of processing option is the most cost effective under the problem circumstances;
(iv) what type of truck configuration is the most cost effective for each pile; and (v)
what is the maximum investment that can be justified in road improvements to
provide access to the larger trucks (e.g. 16.15 m long trailers).

Inputs for RENO were two vector files, one with the road network and a second
containing the locations and estimated volume in each pile. Available processing
and transportation options were selected and the distance to the mill was set to 62
km. The number of truck in each available configuration was also specified (2 sets
of double 9.75 m long trailers, 5-single 9.75 m long trailers and 2-rear-steer axle 14.
63 m long trailers).

The first step in the optimization was estimation of the distance from each pile to
the entrance of the unit, the location of the closest and feasible turn-around and
turn-out, and the type of truck-machine interference that can occur (Table FL-

3.17). Once the distances were computed the program proceeded to calculate the
transportation costs of each selected option in the internal network. Truck standing
cost while being loaded and during the hook and unhook process for the double
trailer configuration were also calculated.

Table FL-3.17. Residue piles spatial location in relation the available and feasible truck turn-arounds and
turn-outs and truck interaction case.

A potential centralized yard was identified outside the forest unit and located at 0.5
km from the entrance. This location had the potential to provide good access for
the 16.15 m long trailer option and was directly connected to the paved highway.
Double trailers (9.75-9.75 m) were available to transport the material, but to access

Truck-
Machine

Residue  Volume  Turn- TA distance  Entrance Hook Turn-out TO Distance Interaction

Pile (BDMt)  around (km) (km) (km) ID (km) case

P-1 64 TA-16  0.02 1.17 156 TO-25 0.58 1

p-2 48 TA-16  0.13 1.07 1.46  TO-25 0.48 1

P-3 57 TA-16  0.34 0.85 1.25 TO-25 0.26 1

P-4 32 TA-25 0.02 0.61 1.01 TO-25 0.02 2

P-5 32 TA-17  0.10 1.23 1.62 TO-25 0.64 1

P-6 48 TA-17  0.04 1.29 1.68 TO-25 0.70 1

p-7 38 TA-17  0.06 1.39 1.78 TO-17 0.06 2

P-8 32 TA-18 0.12 1.48 1.87 TO-17 0.15 1

P-9 29 TA-18  0.08 1.52 191 TO-17 0.19 1

P-10 76 TA-19  0.46 1.79 2.18 TO-18 0.19 1

P-11 48 TA-19 0.33 1.92 231 TO-18 0.32 1

P-12 64 TA-22 0.08 4.83 523 TO-22 0.08 2

P-13 64 TA-24  0.19 5.13 5.52 TO-23 0.09 1

P-14 95 TA-24  0.06 5.26 5.65 TO-23 0.23 1

PC-15 0 TA-25 0.00 0.52 0.00 TO-21 0.00 0
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The program only assigned the 16.15 m long trailer to the potential centralized yard,
because the access for this large trailer was not feasible beyond the centralized
yard. The next step was calculation of the processing cost based on the type of
truck-trailer configuration and the number of available trucks for configuration. The
program simulated a ten hour shift of forest biomass processing and transportation
based on the estimated machine and truck productivity for all the selected options.
After the simulation was finished, machine utilization rate and total processing
costs for each pile were computed. Finally the round-trip transportation costs from
the entrance of the unit to the mill for each configuration were calculated.

The program constructed a network for each of the processing machine types

since only one type of machinery can be used at each site. Results showed that

the most cost effective processing option for the analyzed unit is the use of the
large horizontal grinder (745 kW). A total cost of $53.25/BDMt is expected using this
machinery. This option is followed by the small horizontal grinder (522 kW) with a
cost of $54.57/BDMt. The most expensive option was the mobile chipper. The use of
the mobile chipper minimize the truck standing time since the operation is partially
decoupled, however the low productivity of the chipper compared to the stationary
grinders had a greater effect on the processing cost. The cost of the tub grinder is
mainly affected by its low productivity (20.4 BDMt/PMH). The tub grinder is best
suited for stumps.

We compared the actual operation to the model results. The actual operation
used a mobile chipper to process the residues. Two 6x4 trucks equipped with two
9.75 m long trailers were used to transport the chips to the bioenergy facility. We
applied our costing system accounting for standing cost (trucks and chipper). The
estimated operational cost with the mobile chipper and double trailers was $67.98/
BDMt. Our optimized solution was $53.22/BDMt, a reduction in cost of 22 percent.
However the optimized solution is valid only if chips and grindings are considered
equivalent products. In actual markets both products are considered equivalent
for power generation although chips are more homogeneous in particle size
suggesting that they may have a better price in some markets. Low productivity of
the mobile chipper is the most impacting factor. Ghaffariyan et al. (2012) reported
a productivity of 43.88 GMt/PMH for the same machine in chipping operations

in Australia. However, the size of the processed material (small logs 40-15 cm in
diameter and 6 m length) suggest that residues were of different quality (cleaner
and larger) compared to the forest residue piles commonly found in Oregon and
Washington.

An Ant Colony heuristic (Dorigo, 1996) was incorporated into the model to provide
a lower bound solution to the MIP for the branch and bound algorithm. This was
made to help to reduce solution times as size of the problem increases. The Ant
Colony heuristic solution is also used to provide an alternative solver if the analyst
does not have access to a MIP solver. The Ant Colony solution for the analyzed

unit provided values near to the MIP optimal. On average the Ant Colony heuristic

provided values that were 99% of the objective function value of the optimal
solution (Figure FL-3.54).

EMIP

CJAnt Colony

Processing and transportation cost ($/
BDMt)

H-783 kW

H-522kW  Tub-745 kW

Mobile
Chipper 331
kw

Processing Technology

Figure FL-3.54. Processing and transportation cost as a function of the comminution equipment used in
the operation.

The solution shows a mixture of transportation options depending of the pile
location and access (Figure FL-3.55). In pile 3, 5, the unprocessed residues had

to be transported to an adjacent pile using hook-lift trucks. In pile 3, the use of
small trucks to move the material to pile 4 compensates for the higher fixed cost
of processing the material in pile 3 ($810). However the overall cost of process

and transport the material at that pile is higher compared to adjacent piles. At
piles1,2,4,5,6,7,8,9, 10, and 11 the residues are processed at each location and
transported using the double trailer configuration. The double trailers configuration
is cheaper because hauling capacity is increased by about 80%. For piles 12, 13
and 14 the material is comminuted in-situ and then transported using the rear axle
steered trailer configuration.
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Figure FL-3.55. Representation of the optimal routes for each pile

For piles 12, 13 and 14, the rear steer axle trailer becomes a feasible and cost
effective option due to the higher distance from the entrance of the unit. Longer
distances from the entrance to the these piles (5.52 and 5.65 km respectively)
compared to the rest of the piles. Similarly with piles 13 and 14 the increase in cost
of double trailers is mainly driven by truck machine interference (case I) and the
longer distance from the entrance to the piles (5.12, 5.44 and 5.61 km respectively)
compared to rest of the piles. The single 9.8 m long trailer appeared to be an
expensive option under the operating conditions. None of the piles selected the use
of this type of configuration to transport the material.

RENO reported the cost for each pile (Figure FL-3.56). This cost can be used to assess
the economic feasibility of utilizing the pile as compared to leaving it. In general

as piles are located farther from the unit entrance the overall cost of processing
and transport increases due to the increase in transport cost inside the forest unit.
However the type of truck interference also has an impact on the cost. Piles where
Case Il applies (4, 7 and 12) are cheaper to process and extract than their neighbors
where Case | applies. Processing cost was also affected by road accessibility and
distance. An increase in machine standing time is expected when processing
material in piles with Case | truck -machine interference. Also as distance from the
entrance of the unit to the pile increases, truck round-trip travel time increases
affecting the number of truck that can return to pick up another load.

0’\\\\\\\\\ T T 1

Processing and Transportation Cost ($/
BDMt)
w
o

Forest Residue Pile

M Processing Elinternal Transport B External Transport O Hook-lift

Figure FL-3.56. Processing and transportation cost for each pile.

5.4.1. Machine Utilization Rate

Machine utilization rates were also calculated at each location, based on the results
of the simulation model (Figure FL-3.57). Machine rates were calculated indepen-
dent of the available volume at each pile, because each pile was considered a can-
didate for a centralized landing. Based on the number of available trucks, results
showed an average utilization rate of 29% (for 2-double trailer trucks or 2-rear-
steered trailer). Increasing the number of truck is beneficial because it reduces the
grinder or chipper standing time but as number of truck increases the chances of
having a truck queue may increase transportation cost and minimize the benefits
of increasing the machine utilization rate. RENO modeled the optimal number of
trucks necessary to maximize grinder utilization rate without increasing the overall
cost of the operations due to truck standing cost. Utilization rate can be increased
to 56% on average if four double trailer trucks are used on piles 1,2,5,6, 10 and 11;
five double trailer trucks are used at pile locations 4, 8,9, 13, and 14; and six trucks
are used at pile locations 12 and 7. The change in the number of truck at each pile
depends on the truck-machine interaction case, traveled distance on gravel roads
and utilization of trucks.
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Figure FL-3.57. Actual grinder utilization rate with available number of trucks and optimal solution from
the model.

The increase in grinder utilization rate decreased the cost by 12% ($46.50/BDMt).
Increasing grinder utilization rate beyond this point is not feasible under this
transport configurations but a road improvement may allow the use of larger single
trailer trucks that have the potential to increase the overall machine utilization.
However under the actual road conditions, a road modification may be required to
allow larger trucks to access the piles.

The cost of road modification to allow larger truck access depends on the particular
characteristics of each unit, the trailer length and type of truck. The user can
directly enter the road modification cost for each truck configuration in the
graphical user interface, however if the analyst lacks an accurate cost estimation

of these activities, RENO can calculate the marginal benefit of the feasible option
and compare it to the desired configuration. For example, in the analyzed unit, if the
analyst wants to analyze the access of a 16.15 m long trailer, first RENO calculates
the overall cost in the unit of that truck assuming that no road modification

is necessary and then compares it to the actual cost of operations using the
transportation options that do not require road modification to access the unit.

We compared the cost of transport the processed material using 4 trucks equipped
with a 16.15 m long trailer with the actual solution that uses 2 double trailers and

4 single 9.75 m long trailers. By giving access to the 16.15 m long trailer, the actual
cost is reduced $3,450 from $38,549 to $35,098, which represents a reduction of

9%. Any necessary road improvement must be equal or less than this value in order
to become a feasible and cost effective option. The decrease in cost is relevant
when using the 16.15 m long trailer because this type of trailer does not require a
considerable amount of time to hook and unhook in the forest plus additional time
to unload the processed material in the bioenergy facility.

5.4.2. Centralized Yard

A potential centralized yard close to the main entrance but outside the unit was
considered during the planning process. Based on the model results, processing

at the centralized yard can increase grinder utilization rate up to 70% with direct
loading into double trailers. Processing and transportation cost at the centralized
landing was estimated in $36.98/BDMt, using 4 trucks each equipped with a 16.15

m long trailer. This cost is 30% lower than the cost reported in the optimal solution
using a combination of double and rear-steered trailers ($53.25/BDMt), but not
sufficient to compensate for the additional cost of using hook-lift trucks to transport
the material from each pile to the centralized yard.

5.4.3. Sensitivity to the Distance and Productivity

We performed a sensitivity analysis to analyze the effect of changes in the distance
from the entrance to the bioenergy facility. We also analyzed the effect of changing
the grinder H-1000 productivity since is the most economical option according to
the optimal MIP solution. To analyze the effect of the distance (Figure FL-3.58) we
run the model selecting only one transportation option (e.g. 2 double trailer trucks)
and varying the distance from the entrance to the bioenergy facility from 20 to 200
km. Results show that the use of the double trailer configuration is the most cost ef-
fective option. As distance increases the other two options become more expensive
limiting their use at those distances.
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Figure FL-3.58. Effect of distance in total cost from the entrance to the bioenergy facility for each transporta-
tion option.

We also analyzed the effect of changing the paved highway distance of the system
(2-double trucks 9.75-9.75 m long, 2 single trucks 9.75 m long and 2 self-steer 14.63
m long). An increase in the paved highway distance from the entrances to the
bioenergy facility from 20 to 200 km causes an increment in cost of $59.59/BDMt
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(Figure FL-3.59). This increment is caused by the effect of distance in transportation
cost and the potential increase in grinder standing time due to increase in truck
inter-arrival time. The relation between distance and cost is not completely linear
due to the fact that different transportation options are selected at each solution.
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Figure FL-3.59. Effect of the distance in total cost from the entrance to the bioenergy facility.

The effect of changes in productivity for the horizontal grinder with the available
truck options was also analyzed (Figure FL-3.60). An increase in productivity from 10
to 45 BDMt/ PMH may lead to a 58% decrease in cost.
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Figure FL-3.60. Effect of grinder productivity in total cost.
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5.4.4. Bundler Process

We compared model results with the utilization of a bundler for the analyzed unit.
We incorporate this technology within the solution procedure by modifying the
costs in the network. Bundling processing and cost were extracted from the USDA
Forest Service Forest Residue Bundling Project (Rummer, 2004). Based on this doc-
ument, productivity was estimated at 4.6 BDMt/PMH and the hourly cost was $160/
PMH. It was assumed that bundles were transported to a bioenergy facility using a
straight-frame quad bunk logging trailer with a capacity of 17 tonnes. We assumed
that bundles were processed at the bioenergy facility using a 740 kW electric grinder
with an average productivity of 42 BDMt/PMH. Electricity cost (6 cents/kWh) was ob-
tained from the U.S. Department of Energy (2013). Cost of processing and transport
using a bundler was estimated in $63.80/BDMt. This cost is more expensive than the
two horizontal grinders but cheaper than the tub and mobile chipper.

5.5. Conclusions for Comminution and Transport

The model provides decision support to forest biomass recovery operations by
developing different routes to optimize processing and transportation of forest
biomass from residues at the operational level. The spatial component of the model
allows the user to estimate internal distances and transportation cost in order to
evaluate how different road characteristics and spatial location affect the cost.

The developed network uses a mixed integer programming model that is aided

by an Ant Colony heuristic to provide the lower bound for the branch and bound
algorithm. Results demonstrate that the Ant Colony heuristic provides good results
for the size of the study problem. For larger problems it is expected that the solution
quality of the Ant Colony algorithm will decrease. Future research will be directed
toward improvement of this algorithm. Our solution procedure is based on a route-
network approach. By developing the routes we minimize the number of potential
nodes, which help to improve solution times. Simulation is an important feature

in the model that allowed us to account for truck-machine interactions to develop
reasonable utilization times based on road configuration and truck availability. The
interface of RENO also allows creating the MIP matrix without direct interaction
with the user. The manual development of a network is a time consuming activity

in which the analyst can make errors that may be difficult to track as problem size
increases.

From all different transportation options, the horizontal (740 kW) grinder resulted

in the most cost effective processing option in the study problem. Instead of one
dominant truck, different types were selected within the network. Hook- lift trucks
are a feasible option when the fixed cost of operating at a particular site are high
compared to adjacent locations. Also this option e can be used for small piles in order
to minimize the grinder mobilization cost. Double trailer configuration are a cheaper
option in this study but the time to hook and unhook the trailers as well as the time to
unload at the mill must be analyzed carefully. The use of single (9.75 m long trailers)

is a feasible option to access piles on steep terrain but the capacity of these smaller
trailers is limited. They become available options at shorter distances (<55 km).



The model depends upon an accurate estimation of the available volume of
residues to be processed. However, the dynamic of markets for wood products can
change the type and amount of residue available. During the field part of this study,
the market for pulpwood was high and available residue was usually comprised

of branches and tops with diameters of less than 10 cm. In recent months the low
prices for pulpwood in the US Pacific Northwest region have caused an increase in
the piece size within residue piles as pulpwood was not being utilized.

One of the strengths of the model is its flexibility to changes in productivity and
cost. This flexibility allows the user to adapt to changes in markets of the woody
biomass supply chain for energy purposes.

Identifying high cost piles can help forest manager and landowner to decide which
piles need to be processed based on the profitability of the operation. In actual
conditions the model is able to handle 4 different types of processing options, 6
standard drop center chip vans and 2 non-standard configurations (stinger steer
and rear steer axle trailer), but it can be expanded to new options.

6. General Conclusions and Future Work

An efficient cost management strategy and planning process is required for long-
term success of a renewable energy forest residue supply chain. Different models
are needed to analyze productivity and economics of forest biomass processing and
transportation. In steeper terrain, forest residues are concentrated near landings.
On flatter terrain, a collection model was developed to efficiently collect and deliver
residues to roadside landings. Conventional excavator-loaders combined with con-
ventional forwarders were effective if paired appropriately.

At the operational level, the economics of processing and transportation of two
general types of processing equipment were evaluated: stationary and mobile
machines. Both types of machinery are commonly used in the United States and
numerous operations were analyzed in Oregon and Washington to understand

the operational details of the biomass recovery from residues. Different truck
configurations were evaluated in terms of productivity, economics and accessibility.
Much of the study focused on operations in steep terrain regions where road and
terrain characteristics impose several operational constraints although it is also
applicable in less constrained regions.

Forest road characteristics were evaluated to estimate their effect on productivity
and economics. The economics of forest biomass collection can be greatly affected
by forest road accessibility. Single passage forest roads can limit the number of
trucks that can reach the processing site on time. The spatial location of the forest
residue piles in relation to road features such as available truck turn-arounds
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and truck turn-outs can impact the truck inter-arrival rate affecting productivity.
Those factors can increase the waiting time for processing machines (chippers or
grinders). This effect is increased when stationary grinders are used to process the
residues due to the closely coupled operation where trucks have to be present at
the processing site in order to maintain productivity of the stationary grinder. Forest
roads characteristics must be analyzed in order to provide accurate cost estimation.
Ignoring forest road features and spatial location of the forest residue piles within
the unit can result in inaccurate cost estimations that can lead to inefficient
operational practices.

Processing machine characteristics, transportation options and spatial location
of the piles were analyzed and modeled as a system to understand the effect of
truck-machine interactions on economics and productivity. The economic effect
of these interactions was estimated based on three cases that were developed to
understand in mathematical terms, the effect of road access, number of trucks,
machine location in relation to the forest and highway network and type of
processing and transportation technology.

A methodology to calculate the cost of waiting time for processing and
transportation equipment was presented and evaluated for several forest
operations. The cost of waiting time was estimated by adding the labor, supporting
equipment, overhead costs and risk and profit (when machine or trucks are
operating). This is a new approach, compared to typical machine rate calculations,
to analyze closely coupled operations when the behavior of one machine can affect
negatively or positively the productivity of the other. For example, the reduction

of waiting time in stationary grinders can be achieved by increasing the number

of trucks and reducing their inter-arrival time, however truck waiting time can be
increased because several trucks arriving at relatively similar times may lead to
more congestion and increasing truck queuing time. By valuing the economic effect
of waiting time in trucks and processing machines, we were able to balance the
trade-offs and reduce the overall cost of the operation.

6.1. Economics of Mobile Chipping Under Uncertainty

A stochastic simulation model was developed that analyzes economics of

mobile chipping. This involved the development of a framework to analyze

and estimate the variability for each of the phases in the productive cycle. The
system dynamics in the simulation model allowed me to account for the effect of
truck machine interactions. A new spatial-temporal approach was presented to
improve accuracy of data collection in field operations by using a combination of
Geographic Information Systems (GIS) and tracking analysis to estimate machine
path movements. The model was developed in Arena™ software and was fed with
information from four different in-field operations in Oregon.

The model was applied to a forest operation in western Oregon. The model proved
to be accurate in estimating productivity and economics of the operation and it
demonstrated the applicability of simulation techniques to the mobile chipping
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problem. A cost distribution was developed in order to provide decision support
to risk-averse managers. Based on the economic model developed, accounting for
truck machine interactions and uncertainty, cost varied from $54 to $68 per bone
dry metric tonne, having a maximum probability of occurrence at a cost of $59/
BDMt (35% of probability).

Varying the hauling distance from the entrance of the unit to the bioenergy

facility has a negative impact in chipping cost by increasing the waiting time and
consequently reducing productivity. Adding more trucks when distance increases
appear a feasible option but transportation cost must be evaluated in order to
balance benefits and costs. From all the transportation options selected, the
double trailer configuration (9.75-9.75 m long) is the most cost effective option. As
the forest road distance between the entrance and the location of the residue pile
increases, the double trailers configuration starts to lose its competitive advantage
due to the decrease in productivity caused by the increase in round-trip time.

Two trucks carrying double trailers and two reserve trailers (9.75 m long each) in
the field appear as the most cost efficient transportation option under the study
conditions. The use of single trailers (9.75 m long) appeared to be cost effective only
for distances equal to or less than 40 km.

Based on the simulation results, operating the mobile chipper at a centralized
landing and blowing the material directly into trailers can reduce comminution
costs by about 15% as opposed to moving between the pile and the trailers. For
this method to be cost effective, the maximum cost to transport the unprocessed
residues varied from $5.40 to $15.53/BDMt.

6.2. Economics of Truck-machine Interaction in Stationary Equipment

The effect of truck-machine interactions between closely coupled equipment such
as trucks and stationary grinders was analyzed. The effect of number of trucks and
forest road accessibility on grinder utilization rate was estimated and compared to
selected actual operations in Oregon and Washington. The necessary number of
trucks for an operation is a function of the processing time, truck capacity, forest
road distance, highway distance (paved distance from the entrance to the unit to
the bioenergy facility), and daily maximum truck working time.

When the number of trucks is not the limiting factor, forest road characteristics
must be analyzed to estimate their effect on truck productivity and economics
in relation to the spatial location of the residue piles. The potential road limiting
features were analyzed and grouped in three different cases.

Case | resulted in a situation where only one truck at a time could access the
processing site due to road space limitations. An in-coming truck must wait at a
turn-out or wide spot in the road until the loaded truck left the processing area and
passed the road location where the unloaded truck was waiting. The economic
impact in this case is a function of the driving time from the truck turn-out to the
processing site, the truck turn-around time, the positioning time and the driving

time from the processing site and the turn-around. The results from the model
were compared to actual operations. In the study unit for case I, the maximum
achievable grinder utilization rate was 60% using six trucks. Using the actual
number of trucks the grinder utilization could be expected to drop to 20%.

In case Il, the forest road configuration allows a second truck to reach a turn-around
and wait there until the grinder finishes the loading process of a first truck. After the
loading process is accomplished, the first truck must pass the turn-around point

to allow the second truck to back up to the processing site. Grinder waiting time is

a function of the time the loaded truck drives from the processing location to the
turn-around, the time the empty truck is backing up from the turn-around to the
grinder location plus the positioning time. In the study unit for case Il, maximum
achievable utilization rate was 77% using seven trucks. Actual utilization rate was
60% using five trucks.

In case Ill, no truck interference is occurring since a loop road exists allowing an
incoming truck to exit the unit using a different route. Grinder waiting time is only
dependent upon the time the truck spent positioning. Maximum grinder utilization
was 74%. Although adding one more truck increases the utilization rate, the
increasing truck queuing time and the underutilization of some trucks outweigh the
savings caused by the increase in utilization rate.

6.3. Economic Optimization of Biomass Processing and Transportation

Section 5 comprised the design, development and implementation of a solution
procedure to optimize the economics of forest biomass processing and transpor-
tation operations from forest harvest residues. The procedure involved combining
Geographic Information Systems (GIS), a Mixed Integer Programming model, simu-
lation, forest operations planning and network optimization to produce an efficient
solution for processing and transportation technology. The model also uses the
simulation model for each truck-machine case developed earlier. This model is
incorporated in the computerized decision support system Residue Evaluation and
Network Optimization (RENO) and was applied to forest biomass recovery opera-
tions in Oregon. The model was able to estimate the processing and transportation
cost at each pile and can be used to decide if is cost-effective to process all or a
subset of piles within the unit.

The model allows to the analyst to select different available transportation and
processing options and finds the most cost effective comminution machinery and
truck configuration for each pile. Additionally, the model calculates the processing
cost based on the number and capacity of available trucks to account for the
economic effect of truck-machine interactions. Based on the spatial data the model
identifies residue piles turn-around, turn-outs and potential centralized places to
calculate internal distances that allow the transport cost estimation within the
forest unit. Also the transportation cost outside the field unit on highway-paved
roads is estimated.
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The solution for the study site suggests the use of a stationary grinder (745 kW) for
processing the residues; the use of a double trailer configuration (9.75-9.75 m) in
seven of the piles; the use of a single trailer configuration (9.75 m) in four piles and
the use of hook-lift trucks in two of the piles to transport unprocessed residues

to adjacent piles. This mix of transportation options is related to the residue pile
location and road accessibility. Considering all piles, average utilization rate was
33% for two trucks hauling two double trailers and four trucks hauling single
trailers. Utilization can be increased to 53% by doubling the number of double
trailer trucks available.

The implementation of a centralized yard in the study area does not appear to be
cost-effective. Although grinder utilization rate can increase up to 70% with direct
loading into double trailers, the benefits do not compensate for the cost of using
hook-lift trucks to concentrate the residues.

6.4. Biomass Processing and Transportation at the Operational Level

The model developed provides the most cost effective processing machinery and
transportation configuration for conducting forest biomass recovery operations.
However, the model is dependent on a series of inputs that need to be analyzed in
future studies. The volume estimation method to determine the available residue at
each pile is necessary. This model has to take into account different physical factors
related to the logging method used in the operation, the physical properties and
species mixture of the material and requirement in terms of piece size and type for
sawtimber and pulpwood industries. Models for the moisture content estimation at
the pile are required to improve estimation of the value of the material. New tech-
nologies to maximize the hauling capacity are also required.

When the NARA project began, PNW pulp markets were considerably stronger than
currently. If increasing amounts of pulpwood become available, direct shipment of
pulp logs to chip yards or on-site chipping of pulpwood should be considered. Chip
packing densities are higher than ground material due to a more uniform shape
and they are usually blown into vans rather than conveyed. Pulp logs are cleaner
than slash and can be chipped with less energy than by grinding. And, if electrical
energy is available at a chip yard, the cost of electricity is much lower than the cost
of diesel. RENO can be expanded to include round wood shipment and on-site

chipping.

For truck scheduling optimization, future research could be focused in the
development of a truck scheduling model that uses the solution from RENO in
order to generate optimal routes for each truck based on the available volume at
each pile. This model can generate delivery schedules per day in order to optimize
transportation and the overall cost of the operation.
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7. Coefficients for Regional Modeling

At the regional scale, operational planning data is not available. The forested NARA
landscape was divided between cable and ground based harvesting as described
in Task 2 and Task 1 in NARA’s Feedstock Logistics Final Reports. Best estimates of
collection and transport costs were made based on previous analyses. Off-highway
diesel was estimated at $2.92 per gallon and on-highway diesel was estimated at
$3.54 per gallon using guidance from the TEA ground (Marrs, personal communica-
tion).

7.1. Collect and Grind on Flat Terrain

Move-in biomass collection was estimated as $1.50 per BDT based on a $1500
move-in cost for 1000 BDT (one excavator/one loader). We assume that 25% of the
BDT are already at the landing as a result of processing of trees into logs at the
landing. Collection costs are $10.00 per BDT within 150 feet of a road, $17.00 for
150-300 feet of the road, and $22.00 per BDT for residues greater than 300 feet from
the road following Zamora and Sessions (2016).

A grinder/loader move in cost of $1.50 per BDT based on a $1500 move-in cost

for $1500 move-in cost for 1000 BDT. Grinding was estimated at $18.80 @ 60%
utilization. To reach 60% utilization, a truck waiting time of one additional hour at
$55/standing hour and 15.6 BDT per truck, or $3.50 per BDT was added to the truck
transportation cost.

7.2. Collect and Grind on Steep Terrain

Forest harvest residues were assumed at roadside from cable logging. It was
assumed that 75% of the harvest residues would need to be moved by bin trucks to
central landings accessible by large trailers. Move-in for a loader and bin truck was
estimated as $1.00 per BDT. Load and swing with the bin truck was estimated as
$20/BDT. A grinder/loader move in cost of $1.50 per BDT based on a $1500 move-in
cost for 1000 BDT. Grinding was estimated at $18.80 @ 60% utilization. To reach 60%
utilization, a truck waiting time of one additional hour at $55/standing hour and
15.6 BDT per truck, or $3.50 per BDT was added to the truck transportation round
trip cost.

7.3. Truck Transport

The truck/trailer was a 6x4 truck track tractor pulling a 45-ft drop center trailer.
Average moisture content of the residues was assumed to be 35% (wet basis) and
an average load of 15.6 BDT. Average travel speeds depended upon surface type:
45mph paved roads, 10 mph gravel roads, and 5 mph on dirt roads. Hourly truck
costs depended upon surface type (Table FL-3.18). An additional cost of $3.50/BDT
to load, pull forward, and tarp the trailer (30 minutes) and unload the trailer (30
minutes) at mill.



Table FL-3.18. Truck (6 x4) and 45-ft trailer costs, $/hour, for regional modeling as a function of surface type
and speed: 45mph paved roads, 10 mph gravel roads, and 5 mph on dirt.

Empty Trailer

Fixed cost

Repair and
maintenance

Labor

Tires

Fuel and Lubricants

Overhead
Profit and Risk 10%
Total

Loaded Trailer
Cost

Fixed cost

Repair and
maintenance
Labor

Tires

Fuel and Lubricants

Overhead
Profit and Risk 10%
Total

Paved

19.86
5.77

23.18
6.41
28.95
6.70
9.09
99.96

Paved

19.86
5.77

23.18
6.41
45.69
6.70
10.76
118.37

Gravel

19.86
5.77

23.18
6.41
10.62
6.70
5.08
77.62

Gravel

19.86
5.77

23.18
6.41
16.53
6.70
7.84
86.29

Dirt

19.86

5.77

23.18
6.41
6.97
6.70
4.82

73.71

Dirt

19.86

5.77

23.18
6.41
12.69
6.70
7.46
82.07
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9. Appendices

Appendix A - Supplementary formulas for hourly cost calculations

Fixed cost equations
Sm = By xrvpy, (A1)
ADy, = 2o (A2)
AV, = En—SmOmtl) | o (A3)
2N,
Ny, = in, * AY L, (A4)
Ity, = ix, *x AYI, (A5)
Fx,, = ADm+;nm+1tm (A6)
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Variable cost equations

L1y (1+Lby,)
La,, = ——"
Who
ADpy*rT
Rcy, = /72—
H‘m
Kp*nk Krxnk
Kc = ( P )
Kl Kt

Su,, = Cwt,, + Csty, + Cotyp,
Fc=(fi)Fp
Vac, = Lay, + Rey, + Fe(1 + Ifc) + Kc

_ Wpxcr(0.2785V;)

R
t 1000

(9.8m/s?)

g*dr*FAt(0.278*Vt)3

ARy = 1000

Pwr = (R + ARy) /efi

ctxPwr
fct = oF
Tn*nt
Ti= ( %znm)my
Hir

Varws; = Lay + Rey + fet(1 + Ifc)fc + Ti

where:

Sm  salvage value of machine m, ($).

Py purchase price, ($)
TV, salvage value percent of the purchase price of machine m (%)
ADp,  annual depreciation for machine m, ($)

i machine life of machine m,(Years)

AYI, average yearly investment, ($)

in,, interest costof machinem, ()

(A7)

(A8)

(A9)

(A10)
(A11)

(A12)

(A13)

(A14)

(A15)

(A16)

(A17)



Ty,
1 Xm

Ity

Fxp,
La,y,
Lry
Lbm,
Whp
Rep,

rr

nk

Kl

Kt
Sum,
Cwty,
Csty,
Cot,y,

Fc

lfc
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interest rate of machine m, (%)

insurance and road use, license and tax rate of machine m, (%)
insurance and tax or road use cost for machine m, ($)
productive machine hours per year of machine m (h)

fixed costs of machine m, ($/h)

hourly labor cost of operator of machine m,($/h),

annual salary of operator of machine m,($/h)

benefit rate, percentage of annual salary of operator of machine m,($/h)
scheduled labor hours per year of operator of machine m, (h)
repair and maintenance cost, of machine m, ($/h)

repair and maintenance percentage of depreciation, (%)
knife cost,($/h)

price of new chipper knife,($/knife)

cost or knife re-sharpening,($/knife)

number of knives

Expected knife life,(h)

time between knife re-sharpening,(h)

cost of supporting equipment of machine m, ($/h)

cost of water truck of machine m, ($/h)

cost of service truck of machine m, ($/h)

cost of operator’s truck of machine m, ($/h)

fuel cost ($/h)

liters per hour for chipper-forwarder

lubricants ratio as percentage of fuel cost, (%)

Northwest Advanced Renewables Alliance

Fp
Vac,
Ry
W
cr
Vi
AR

FA;

dr

Pwr

fct

ct
wf
Ti

Tn

fuel price ($/1t)

variable chipping cost ($/h)

power of truck type t, necessary to overcome rolling resistance, (kW)
weight of truck type t, empty or loaded,(kg)

rolling resistance coefficient based on road standard

average speed of truck loaded or unloaded,(km/h)

power of truck type t, necessary to overcome air resistance,(kW)
frontal area of truck type t,(m?)

air density,(kg/m?)

coefficient of drag

power necessary to overcome rolling, and air resistance based on truck
engine efficiency (kW)

truck engine efficiency (%)

hourly truck fuel consumption (lt/h)

truck fuel consumption (kg/Kwh)

weight of diesel (kg/It)

hourly tyre cost,($/h)

tyre price,($/tyre) of type n (includes the cost of 2 retreads)
number of tyres in truck type m

tyre expected life (including retreads) ( km)

driven kilometers per year (km)

productive machine hours per year for trucks (h)

variable transportation hourly cost based on road standard r, weight w and
speed z, ($/h)
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Appendix B - Assumptions for Mobile Chipping Processing and Transport Table FL-3.B.2. Assumptions for chipping and transport variable cost calculation.

Transportation Processing
Table FL- 3.B.1. Assumptions for Trucks and chipper fixed cost calculation. 5‘”5'6 Dm.]ble Mc?bile
: Cost Item Trailer Trailer Chipper
Cost Transportation Processing : Labor Cost ($/year) 37,770 37,770 50,000
i . D°‘fb'es M(?bile . Benefits percentage of (%) 35 35 35
Single Trailer Trailer Chipper
Working hours per year (h) 2,200 2,200 1,800
Horse power (kW) 404 404 331
Trailers length (m) 375 9.75-9.75 : Repair and Maintenance percentage of depreciation
Purchase price truck/chipper ($) 130,000 130,000 750,000 : (%) 70 70 70
Purchase price of the trailer ($) 30,000 65,000 :
Machine life truck (km) 720,000 770,000 New knives price ($/Knife) - _ 500
Machine life trailer (km) 1,440,000 1,440,000 Number of knives in the drum R _ 2
Chipper life (h) - - 7500 Knife life (h) - - 500
Machine life (vears) 8 8 5 Time between knife re-sharpening (h) - - 10
Trailer life (years) 15 15 Knife sharpening cost ($/Knife) - - 60
Salvage value truck/chipper percent of purchase (%) 35 35 20 :
Salvage value trailer percent of the purchase price (%) 25 25 New tyre cost 700 700 _
Interest rate (%) 10 10 10 Retread truck tyre cost 300 300 -
Insurance. Road use, license and tax rate (%) 10 10 4.5 : Tyre life km/tyre (include retread) 192,000 192,000 _
Productive machine hours per year 2,000 2,000 1,500 Driven km per year 83,000 83,000 _
: Number of tyres 18 30 -
Total fixed cost ($/PMH) 17.28 20.43 129.00
Frontal area (m2) 9.29 9.29 -
Drag coefficient 0.80 1.00 -
Air density (kg/m3) 1.22 -
Rolling resistance coefficient paved road 0.013 0.013 -
Rolling resistance coefficient gravel road 0.020 0.020 -
Rolling resistance coefficient dirt road 0.021 0.021 -
Fuel cost ($/1t) 1.06 1.06 1.06
Lubricants percentage of fuel cost (%) 36 36 36
Chipper-forwarder fuel consumption (It/h) - - 45.4
Fuel weight (kg/It) 0.85 0.85 -
Truck fuel consumption high throttle (kg/kWh) 0.24 0.24 -
Truck fuel consumption low throttle (kg/kWh) 0.30 0.30 -
Truck engine efficiency (%) 85 85 -
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Appendix C - Linear Programming Model for Truck Maximum
Payload Calculation

ITruck and trailer configuration WITH the lift axle Extended Maximum allowable
weight Oregon, 32 foot single drop center trailer;

Max=Z;
!0bjective function Maximum allowable vehicle weight;
Z= wl+w2+w3+w4+w5;

IMaximum loading per axle;
w1<=12000;

w2<=20000; !Lift axle;
w3<=20000;

w4<=20000;

w5<=20000;

IGroup limit according to the distance and number of axles;
w1l+w2<=40000;

wl+w2+w3<=51000;

wl+w2+w3+w4<=68500;

wl+w2+w3+w4+w5<=75500;

w2+w3<=34000;
w2+w3+w4<=54500;
w2+w3+w4+w5<=61500;

w3+w4<=40000;
w3+w4+w5<=54500;

w4+w5<=34000;
Truck and trailer configuration WITH the lift axle Extended Maximum allowable

weight Oregon, Self Steer Trailer 48’ trailer;

Max=Z;
!0Objective function Maximum allowable vehicle weight;

Z= w1l+w2+w3+w4+w5+w6+w7;

IMaximum loading per axle;

w1<=12000; !Front Axle;

w2<=8000; Drop Axle;

w3<=20000; !Truck Driver 1;
w4<=20000; !Truck Driver 2;
w5<=20000; !Wide Tire Steer Trailer 1,
w6<=20000; !Wide Tire Steer Trailer 2;
w7<=20000; !Tri-axle double tires;

1Group limit according to the distance and number of axles;
w1l+w2<=40000;

w1l+w2+w3<=48500;

wl+w2+w3+w4<=56000;

w1l+w2+w3+w4+w5<=80000;
w1l+w2+w3+w4+w5+w6<=87500;
w1l+w2+w3+w4+w5+w6+w7<=95000;

w2+w3<=34000;
w2+w3+w4<=43500;
w2+w3+w4+w5<=68000;
w2+w3+w4+w5+w6<=75500;
w2+w3+w4+w5+w6+w7<=84000;

w3+w4<=34000;
w3+w4+w5<=60000;
w3+w4+w5+w6<=68000;
w3+w4+w5+w6+w7<=75500;

w4+w5<=40000;
w4+w5+w6<=60000;
w4+w5+w6+w7<=68500;

w5+w6<=34000;
w5+w6+w7<=43500;

w6+wT7<=34000;
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ITruck and trailer configuration WITH the lift axle Extended Maximum allowable
weight Oregon 53 foot single drop center trailer Quad;

Max=Z;
!0bjective function maximum allowable vehicle weight;

Z= wl+w2+w3+w4+w5+we+w7+w8;

IMaximum loading per axle;
w1<=12000; !Front Axle;
w2<=8000; IDrop Axle;
w3<=20000; !Truck Driver 1;
w4<=20000;  !Truck Driver 2;
w5<=20000; !Trailer Axle 1;
w6<=20000; !Trailer Axle 2;
w7<=20000; !Trailer Axle 3;
w8<=20000; !Trailer Axle 4;

IGroup limit according to the distance and number of axles;
w1l+w2<=40000;

w1l+w2+w3<=50000;

wl+w2+w3+w4<=58000;

w1l+w2+w3+w4+w5<=80000;
w1l+w2+w3+w4+w5+w6<=89500;
w1l+w2+w3+w4+w5+w6+w7<=97500;
w1l+w2+w3+w4+w5+w6+w7+w8<=105500;

w2+w3<=34000;
w2+w3+w4<=45500;
w2+w3+w4+w5<=70000;
w2+w3+w4+w5+w6<=77000;
w2+w3+w4+w5+w6+w7<=85000;
w2+w3+w4+w5+w6+w7+w8<=92000;

w3+w4<=34000;
w3+w4+w5<=60000;
w3+w4+w5+w6<=68000;
w3+w4+w5+we+w7<=75500;
w3+w4+w5+we+w7+w8<=84000;
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w4+w5<=40000;
w4+w5+w6<=60000;
w4+w5+w6+w7<=72000;
w4+w5+w6+w7+w8<=79000;

w5+w6<=34000;
w5+w6+w7<=43500;
w5+we+w7+w8<=52500;

wo+wT7<=34000;
w6+wT7+w8<=43500;

w7+w8<=34000
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Appendix D - Production and Time Study of the BRUKS mobile chipper in South-
west Oregon, Rene Zamora, November 23,2011

Overview

Time and motion studies were performed for four harvest units in southwestern
Oregon using the BRUKS mobile chipper. Field conditions differed between harvest
units including type and quality of forest residues (i.e. sorted or unsorted piles (Fig-
ure FL-3.D.1), species, distance between piles, and road conditions. For each harvest
unit, the time and motion cycle was divided into distinct segments: travelling,
dumping, chipping, and record keeping. Time was measured for each segment. Dis-
tance traveled, types and length of delays, operator, and payload processed were
also recorded. Four harvest units were studied during August and September, 2011
(Table FL-3.D.1). One of the most important differences between each unit is the
characteristics of the raw material, whether the material was preprocessed (sorted)
or not. The preprocessing is performed by an excavator which makes the selection
of the best material in the piles and stacks the material for the chipper. The remain-
der of the material (small branches) were not utilized. We did not study the cost of
sorting but it was estimated by the company to be $5-8/dry ton.

s >

Figure FL-3.D.1. Left - Sorted Piles (“Preprocessed”); Right - unsorted forest residues pile (“Unprocessed”)

Table FL-3.D.1. Forest units and dates where the time and motion study was performed

Unit Name Dates Pre-processed Piles
16,17,22, 23 and 24

Pike Creek August Yes

In Between 29-30 August Yes

Shoup Creek 9 and 12 September No

Berry Creek 19-20 September No

Time Study Methods

A detailed time and motion study was conducted using the continuous-timing
method to determine the travel from the processing site to the dumping site and
return to the biomass pile. Five chipping elements were identified and timed to
determine the total delay free cycle time.

« Chipping: conversion of forest residues into chips.

« Traveling: Begins at the end of the chipping process when the chipper bin
is full with chips and moving to the trailer to dump the load and ends before
the record keeping is performed.

« Record Keeping: Begins at the end of travelling and ends when the machine
starts to dump the load. The record keeping includes the record of the
payload.

« Dumping: Begins at the end of record keeping and ends when the load has
been dumped in the trailer.

« Returning: Begins at the end of the dumping process and ends when the
machine is back to the pile before the start of a new chipping process.

The work cycle elements were recorder using a chronometer and confirmed with
data gathered from a GPS receiver Visiontac® placed in the machine. A total of
160 total cycle times were recorded based on 104 h of observation. Additionally,
the travel distance was extracted and processed from the GPS receiver in order to
estimate the travelling distance in each cycle.

In addition to the total cycle time, delay time was considered. Delay time is
important to the chipping operation because it was a direct impact on the
productivity. Also the transport time between the forest and the mill was recorded.
The following variables related to the transport were recorded:

« Unloaded travel time: Time spent by the truck travelling between the plant
and the forest when the truck is unloaded

« Loaded travel time: Time spent by the truck travelling between the forest
and the plant when the truck is loaded

« Dumpingtime in the plant: Time spent by the truck while is being unloaded
at the plant

« Hook and unhook time in the forest: Time spent by the truck while is
unhooking the empty trailer (or trailers when is running double trailers) and
hooking the loaded trailer in the forest.

Results

Comminution

We compiled the values from all cycles and then we calculated the descriptive
statistics of the main variables. Each process was assigned to one of three main
categories: productive time, mechanical and service delay, and non-mechanical
delay. Each category was divided into sub-processes in order to identify the main
variables that influence productivity.
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Productive time is the time spent by the machine doing any activity related to

chip production. This category begins when the machine starts the chipping and
ends at the moment that the machine is returning to the forest residues pile to
continue with a new productive site. The mechanical and service delay category
includes all the delays associated with mechanical problems such as problems

in the accelerator and in-feed system. Also this category includes delays related

to normal service of the machine such as the change of knives, daily refuel, and
general cleaning. Finally, the non-mechanical delay category includes all the delays
not related to the mechanical or service such as moving between units, waiting for
trailers to unload the bin, etc.

Analysis for all the units indicates that the utilization rates for the mobile chipper
are around 66%, followed by the mechanical delay with a 22.7% and finally non-
mechanical delay accounted for 10% of the total time (Table FL-3.D.2).

Table FL-3.D.2. Summary of the recorded times for all the units studied, minutes.

Category %
Productive Time 66.7
Mechanical and Service

Delay 22.7
Non-Mechanical Delay 10.6
Total 100

An average, about 73% of the time the machine is chipping or waiting for the next
piece to be fed (Table FL-3.D.3). About 18% of the time the machine is moving to
the dumping site and travelling back to the forest residues pile. The rest of the time
is spent in dumping and record keeping (record weight of the load). The range of
values for chipping time is wide, 10.2 to 40.8 minutes (Table FL-3.D.3). Since this
range is based on the average values of all units, it can be an indicator of the high
sensitivity of this process to the type of material and site characteristics.

Table FL-3.D.2. Summary of the recorded times for all the units studied, minutes.

Process Mean Min Max SD %
Chipping 16.6 10.2 40.8 59 73.6
Travelling to Trailer 2.1 0.2 6.7 0.3 9.5
Record Keeping 0.4 0.1 2.0 0.3 1.6
Dumping 1.4 0.5 2.8 0.2 6.0
Returning to Pile 2.1 0.1 6.6 0.7 9.3
Total 22.5 11.1 59.0 100

The largest impact on productive chipping time was traveling to and from the trailer
which took almost 20% of the productive time (Figure FL-3.D.2).

Mechanical and Service Delay

Productive Time

M Change of knives
M Clean Filters M Chipping
W Chip Accumulation  Travelling to Trailer
M Refuel

M Choker Problem

W Record Keeping
& Dumping
W Roll Infeed system M Returning to Pile

M Reset the Knives

 Productive Time
® Mechanical Delay

& Non Mechanical Delay

Totaltime

Figure FL-3.D.2. Total, productive and mechanical-service delay time for all the units

The highest mechanical delay was related presence of choker and cables in the
forest residues piles (Figure FL-3.D.2 and FL-3.D.3). Several chokers and cable pieces
were founded in the forest residues piles. In many cases the presence of dust and
rust in the cable make very difficult to identify the cable inside the pile. When the
cable enters to the chipper, it hits the knives and drum producing different internal
damage depending on the size and length of the cable. This problem was avoided
with preprocessing of the piles. During the entire study the machine experienced
this problem only once but the delay time produced was considerably higher
compared to other problems (Table FL-3.D.4). Several times, chokers and cable
were identified by the operator before in-feed to the chipper, avoiding downtime
considerably.

Figure FL-3.D.3. Pieces of cable extracted from the interior of the chipper
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Table FL-3.D.4. Mechanical delay and service elements, in minutes

Process Mean Min Max Standard Deviation Frequency/day % Time
Change of Knives 283 202 402 44 1--2 14.5
Clean Filters 5.9 2.7 11.5 33 2--3 warm days 7.2

Chip Accumulation 3.2 0.1 11.5 3.5 1--2 4.3
Refuel 9.5 8.4 133 1.3 1 1.4
Choker 330.0 -- -- -- Occasional 49.6
Roll Infeed system  124.3 - -- -- Occasional 18.7
Reset the Knives 293 - -- -- Occasional 4.4
Total 100

Service delays are the daily change of knives (sometimes the change is made

twice per day) and the daily refuel of the machinery. The change of knives process
includes the reset of the knives to match with the attack angle specification in order
to produce the desired chip size. Other small mechanical problems such as cleaning
the filters are a function of the environment temperature. When the temperature

is above 85°F, the machine is more prone to overheat due to the accumulation

of chips in the air filter, which blocks the fresh air circulation to the engine. In

some cases, an excess of wood coming into the chipper produces problems in the
accelerator motor that blows out the chips into the bin. To fix the problem the
operator usually has to stop the machine and open the compartment to release the
excess of chips.

The non-mechanical delay (Table FL-3.D.5) includes the time when the machine is
not doing a productive job but also is not stopped as a product of a mechanical or
service delay. The main non mechanical delay found was when the machine was
waiting for trailers to dump the load. This was a common problem and also it is

a good indicator of the importance of the interaction between the truck and the
chipping process. Moving between units or piles is another source of delay. This
problem arises when the machine finishes the process in one area and needs to
move to other close area within the same unit.

Table FL-3.D.5. Non-Mechanical delay elements, in minutes

Non Mechanical Delay %

Waiting for trailers 60.1
Moving 22.1
Others 17.8
Total 100

The total productive cycle time in each unit can be seen on figure FL-3.D.4. The
average cycle time increases in the two last units analyzed. Specific values of each
unit can be found in the Supplementary Production Statistics.
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Figure FL-3.D.4. Total productive cycle time in each of the harvest units, in minutes

Productivity ranged from 8.2 to 9.2 BDT per productive machine hour (Table FL-
3.D.6). The productivity in bone dry tons was calculated using the moisture content
estimation developed in Oregon State University laboratories. We identified
differences in the moisture content estimated in the plant and the values tested in
the OSU forestry laboratory. In general, the moisture contents reported at the plant
are lower than our values. We use our values based on the premise that we know
the fundamental steps followed toward the moisture content estimation in our
laboratory procedure.

Productivity was measured using the weight measured at the scale in the machine.
Using this measurement allow us to estimate the productivity in each cycle. We
compared the weight measurements with those taken at the plant. We found that
the measurements in the plant are in average 2 tons higher for a 25-ton load (two
30-ft trailers) that represents about 8% difference. Because the BRUKS scale is not
continuously calibrated, we believe the plant’s scale to be more accurate, thus
reported productivities (GT/h and BDT/h) are probably about 8% low.

Table FL-3.D.6. Productivity values in each unit per Productive Machine Hour (PMH)

Productivity MC'  GT/h  BDT/h
Pike Creck 30% 12.4 8.7

In Between 34% 12.3 8.2
Shoup Creek  31% 10.3 7.3
Berry Creek 35% 14.1 9.2

! Moisture content green basis
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The travel distance in each cycle was recorded in order to estimate the relationship
between the moving time and the travelling distance. The moving time refers to the
time that the machine spends travelling loaded to the trailer and returning back
unloaded to the chipping site (Figure FL-3.D.5).
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Figure FL-3.D.5. Relationship between the travelling distance and moving time.

Transport

Two trucks were used to transport the chips from the forest to the mill. In three of
the units (Pike Creek, In-Between and Shoup Creek) the trucks were running double
trailers in order to minimize the transport cost due to the distance (Figure FL-3.D.6).

Figure FL-3.D.6. Single and double trailer configuration used to transport the chips to the plant.

Average truck cycle time varied from about 3 hours to almost 5 hours (Table FL-
3.D.7). Truck cycle time included the loaded and unloaded travel time, the time to
hook and unhook the trailers and the time spent dumping at the plant. In the first
three analyzed units double trailers were used to transport the chips. The road

network in the working area is not rocked. It is basically a dirt road that caused
traction problems even without rain. For this reason, only one of the trucks was
able to reach the unit in order to drop off an empty trailer and pick up a loaded
trailer. This truck was equipped with locking differentials. After a loaded trailer was
moved to a location closer to the main road by the shuttle truck, the trailer was re-
hooked to the highway truck.

Table FL-3.D.7. Travel distance (miles) and roundtrip times (minutes)

Variable Pike In Between Shoup Creek Berry Creek

Trailers Doubles Doubles Doubles Singles

Distance Roundtrip (miles) 88.0 98.0 70.0 50.0

Loaded Travel 53.9 53.9 53.7 24.7

Unloaded Travel 68.9 50.1 58.7 253

Time at the Forest 88.0 128.9 106.9 91.7

Time at the plant 64.1 55.0 58.3 42.4

Total Roundtrip time 274.9 287.8 2717.6 184.2
Analysis

Factors Affecting productivity

Chipping productivity of forest residues is highly sensitive system dependent on the
smooth functioning of all components of the productivity chain especially because
of the low market value of the final product. Chipping productivity is affected

by several factors that interact with each other in different levels. The important
variables are listed below in order of relevance:

Inherent to the raw material
« Type of pile, (sorted or unsorted)
« Size of the pile
+ Moisture content
« Density of the species or mixture of species

Inherent to the production process
+ Travelling time between the forest residues pile and the trailer
« Moving time while chipping
« Machine interaction between chipper and trucks

One of the most important factors that we identified is the quality of the piles. It
took about 30% more time to process the unsorted piles in Shoup Creek and Berry
Creek as compared to Pike Creek and In-Between where the piles were sorted by an
excavator before the chipper arrived at the site. Processing times by the excavator
were not recorded in this study, but some observations were made. Processing
time depends on the percentage of branches and tops and the “cleanness” of the
material. The shortest chipper cycle times were founded in preprocessed piles

with a higher percentage of logs such as in Pike Creek (Figure FL-3.D.7). These piles
contained mostly logs 7 feet in length and an average diameter of 8 inches. Also
the orientation of the pile facilitates the in-feed of the material on the chipper.
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In contrast the piles in Shoup Creek and Berry Creek have a higher percentage of : the shortest roundtrip travelling distances, 1.5 minutes, occurred when the distance

branches and tops and were unsorted (Figure FL-3.D.8). Unsorted piles also contained : between the pile and the trailer was at 100 feet.
chokers and cable pieces inside that slowed down the chipping process because it : ) o o ) ) )
was required a careful selection of the material during the in-feed process. : Loading the chips directly to the trailer is a feasible option to increase the

productivity. Although blowing of the chips directly into the trailer is not possible in
all locations, this procedure will reduce the total cycle time. Loading directly to the
trailers also eliminates the dumping and weighing time. One disadvantage of this
process is that the operator cannot track the weight of the load but the trade-off in
productivity can be decisive.

Density of the raw material is another variable that influenced the productivity.
Higher wood density increases productivity because the chip weighs more compared
to lighter woods. In the first three harvest units much of the residues came from
western red cedar. Western red cedar has a specific gravity of 0.33. In the last harvest
unit, Douglas fir and mixed conifers were more common in the piles. The specific

We found some evidence that the chipping in unsorted piles can increase the : gravity of Douglas fir is 0.49, more than 50% denser than Western Red Cedar. This
moving time while chipping because the chipper needs to move around the pile :  apparently contributed to increased productivity for this unit.

in order to inspect the pile and position the grapple. The different orientation of :
the pieces within the pile can decrease the maneuverability of the grapple, and
therefore the chipping time can increase.

e 5 =

Figure FL-3.D.7. Preprocessed forest residues piles where shortest cycle time where found.

Moisture content also influences the productivity. Its influence is similar to the density
but in a different direction. Higher moisture content can increase the productivity
based on green tons but decreases significantly the bone dry tons that determines, in
many cases, the value of the product. We measured the moisture content based on
standard ASTM D 4442-7. Moisture content was determined by establishing the loss in
weight of the sample when heated under rigidly controlled conditions of temperature,
sample weight and equipment specifications. We used a drying oven Fisher Scientific
Isotemp®, with openings for natural air circulation and capable of temperature
regulation of 103+/- 1 °C. Also we used aluminum foil pans to place the samplesin

the oven. All the collected chips were dried and determined the moisture content.

We placed the sample and the container for 24h at 103+/- 1 °C. A Toledo Mettler®
SR32001 analytic scale was used to measure the wet and dry weight of the samples.
Based on our methodology we estimate the difference between our moisture content
measure and the calculation made at the plant is approximately 4%. In other words,
our measurements indicate that the moisture content is 4% higher than that reported
in the plant. Productivity estimations were made based on our moisture content
calculations.

Figure FL-3.D.8. Unsorted forest residue piles in Shoup Creek.

Machine interaction was an important factor. One of the problems found in the
operation was the coordination between the trucks and the chipper. In two units
(Shoup Creek and In-Between) the machine had to stop because of the lack of trailers
to dump the load. This problem accounted for 60% of the total non-mechanical delay.
This problem can be avoided by placing one or two additional trailers in the working
site. Another problem arises in narrow roads where the chipper needs to move out of
the road while chipping in order to give space to the trucks to pass and turn. Finally,
the location of the trailers is not the optimal in many cases. To solve this problem a
better understanding of the road conditions and the coordinates of the forest biomass
piles will be needed.
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Pile size is another important factor. Small piles increase the moving time because
the machine needs to move between piles more often instead of being stationed
processing a few piles. We found that the size of the piles can be controlled in the
preprocessing. However, when no preprocessing is done, the size of the piles is
based on criteria more related to the logging operation rather than the biomass
processing. The travelling distance between the forest residue pile and the dumping
site was calculated. Based on the general results, travelling time accounts for

18% of the total cycle time. Travelling time increases as the travelling distance,
although other factors such as alignment and grade can affect the time. We found



The machine operator has an important effect on the productivity of the machine. . [Mechanical andservice Delay
Factors affecting operator performance are degree of effort, skill, physical and :
psychological capacity and motivation to perform the work. We compared the
performance of the actual operator with the Swedish specialist. We found the average
chipping cycle time for the operator to be about 15% higher than the Swedish
specialist. A total of 11 cycles were measured for the Swedish specialist compared to
the 24 cycles for the operator. Even though the results give a substantial difference

in times between the two operators, the learning curve of the worker may be an
important factor. The learning curve describes the performance level reached by an
individual operator. Reaching the “experienced” level is often described as a number
of productive machine hours or in terms of time span. The literature indicates that it
varies between 1000 and 1500 productive machine hours (PMH) or in terms of time
span, it varies from 8 and 12 months. Using these guides, we can say that the current
operator has not reached the peak of his learning curve and is still in the learning
phase. So, we can expect that in the further months the current operator will reach
the “experienced level”.

Productive Time

7'

% 1% 1%
3%

M Change of knives M Chipping

M Clean Filters M Travelling to Trailer

M Chip Accumulation W Weight
™ Refuel  Dumping

M Choker M Returning to Pile

M productive Time

W Mechanical Delay

U Non Mechanical Delay

Totaltime

SUPPLEMENTARY PRODUCTION STATISTICS Figure FL-3.D.9. Total, productive and mechanical-service delay time for Pike Creek.

Results by Harvest Unit :

Table FL-3.D.11. Non Mechanical Delay elements for Pike Creek.

Pike Creek Unit : | Non Mechanical Delay Value %

Table FL-3.D.8. Productive and non-productive times recorded in Pike Creek, minutes. MOVing to Another Unit 36.82 10.30
Category % Time ¢ | Stop Waiting trucks 320.50 89.70
Productive Time 63.3 ¢ [ Total 357.32 100.00
Mechanical and Service :

Delay 34.5 ¢ TableFL-3.D.12. Productivity Pike Creek.
Total 100.0 - |GT/ 124 55 186

Table FL-3.D.9. Productive time elements for Pike Creek, minutes. © | BDT 300,/h 8.7 4.1 13.7
Process Mean Min Max Standard Deviation % :

Chipping 14.11 10.18 22.17 2.77 69.0 .

Travelling to Trailer 1.8 062 883 1.52 9.1 ; In-Between Unit

Weight 033 0.15 137 0.18 1.6 i Table FL-3.D.13. Productive and non productive times recorded in In Between, minutes.
Dumping 123 058 2.83 0.51 6.0 : o

Returning to Pile 291 020 1038 3.65 14.2 . | Category %

Total 20.44 1173 45.58 100 . | Productive Time 65.8

Table FL-3.D.10. Mechanical Del d Servi [ ts for Pike Creek . Mechanical Delay 79
able FL-3.D.10. Mechanical Delay and Service elements for Pike Creek. Non Mechanical Delay  26.3
Process Mean Min Max Standard Deviation Frequency/day % Time

Change of knives 2537  18.00 40.18 10.03 1-2 72 Total 100.0
Clean Filters 4.21 270 642 1.56 3--4 1.2

Chip Accumulation 2.46 0.73 572 1.60 2 0.7

Refuel 10.12  8.00 12.00 1.75 1 2.9

Choker 310.50 -- -- --- - 88.0

352.7 100.0
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Table FL-3.D.17. Productivity In-Between unit.

Non Mechanical Delay Productive Time
Category Mean Min Max
. | Green Tons
 Chipping .
S wroeing wroier| 1 | (33%MOC) 123 63 201
8 Others = weight : | Bone Dry tons 8.2 42 133
M Dumping N
M Returning to Pile :
Shoup Creek Unit
Table FL-3.D.18. Productive and non-productive times recorded in Shoup Creek, minutes
Category %
 producv Time ¢ | Productive Time 64.2
 Mechanical Delay . .
W o Mechanical Doy ¢ | Mechanical Delay 9.8
© | Non-Mechanical
Delay 26.0
Total time
Figure FL-3.D.10. Total, productive and non-mechanical delay time for In Between. Total 100.0

Non Mechanical Delay

Table FL-3.D.14. Productive time elements for In-Between, minutes Productive Time

Process Mean Min Max Standard Deviation %

Chipping 15.3 8.1 23.9 34 73.8 u Chigping

Travelling to Trailer 1.9 0.2 10.0 1.9 9.2 g ralers i TravelingtoTrailer
. W Moving u Weight

Weight 0.4 0.2 1.5 0.3 1.7 & Dumping

Dumping 1.0 0.5 1.9 0.4 5.0 © Retumingto Pile

Returning to Pile 2.1 0.9 10.2 2.4 10.2 :

Total 20.8 9.8 475 1000 | : Tt

Table FL-3.D.15. Mechanical Delay and Service elements for In-Between.

W Productive Time

® Mechanical Delay

Mean Min Max Standard Deviation Frequency/day % Time

Change of knives 21.20 21.20 2529 2.89 1 69.2 4 Non Mechanical Delay
Refuel 930 930 11.40 1.48 1 30.8
Total 100.0
Total time
Table FL-3.D.16. Non Mechanical Delay elements for In-Between. © Figure FL-3.D.11. Total productive and non-mechanical delay time for Shoup Creek.
NOI‘I MeCh?nical Delay Value % Table FL-3.D.19. Productive Time Break down in minutes for Shoup Creek.
Waiting trailers 198.60 89 : | Process Mean Min Max Standard Deviation %
Others 2463 11.0 © | Chipping 2028 1343 4078 6.30 743
Total 223.23 100.0 : | Travelling to Trailer 3.11  0.88 2.82 6.49 11.4
: | Weight 0.64 020 205 048 2.3
Dumping 1.10 0.62 225 0.49 4.0
Returning to Pile 2.18 020 12.33 3.06 8.0
Total 27.30 15.33 60.23 100.0
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Table FL-3.D.20. Mechanical Delay and Service elements for Shoup Creek.

Process Mean  Frequency/day % Total
Change of knives 22.70 1.00 65.4
Refuel 12.00 1.00 34.6
Total 34.70 100.0

Table FL-3.D.21. Non Mechanical Delay elements for Shoup Creek.

Non Mechanical Delay % Value
Waiting trailers 74.46 118.05
Others 25.54 40.5

Total 100.00  158.55

Table FL-3.D.22. Productivity for Shoup Creek.

Category Mean Min Max
Green Tons
(31%MC) 10.3 5.6 15.1
Bone Dry tons 7.3 4.5 10.2
Berry Creek Unit
Table FL-3.D.23. Productive and non-productive times recorded in Berry Creek, minutes.
Category %
Productive Time 68.8
Mechanical Delay 25.3
Non-Mechanical Delay 5.8
Total 100.0

Table FL-3.D.24. Productive Time elements for Berry Creek, minutes.

Mechanical and Service Delay Productive Time

® Chipping
 Change of knives H Travelling to Trailer

o Refuel o Weight

u Reset knives ® Dumping

W Infeed Rolls problem

.

 Retuming to Pile

M Productive Time

 Mechanical Delay
§ Non Mechanical Delay

Total time

Figure FL-3.D.12. Total, productive and non-mechanical delay time for Berry Creek.

Table FL-3.D.25. Mechanical Delay and Service elements for Berry Creek.

Process Mean % Time
Change of knives 22.00 10.9
Refuel 9.20 4.6
Reset knives 46.50 23.0
Infeed Rolls problem 124.33 61.5
Total 202.03 100.0

Table FL-3.D.26. Non Mechanical Delay elements for Berry Creek.

Process Mean Min Max Standard Deviation %
Chipping 193 73 384 79 75.4
Travelling to Trailer 1.7 06 37 1.1 6.8
Weight 0.2 0.1 0.7 0.1 0.9
Dumping 2.2 07 39 09 8.5
Returning to Pile 2.1 1.1 52 13 8.3
Total 256 99 518 100.0

Non Mechanical Delay Value %
Moving 47.87 83.90
Others 9.18 16.10
Total 57.05 100.00

Table FL-3.D.27. Productivity Berry Creek.

Category Mean Min Max
Green Tons (35%MC) 14.1 7.0 27.1
Bone Dry tons 9.2 44 16.8

NARA FEEDSTOCK LOGISTICS - TASK 3. REFINE COLLECTION AND TRANSPORT MODELS FOR REGIONAL MODELING - PART 4 OF 6 | FINAL REPORT

Northwest Advanced Renewables Alliance



NARA

Northwest Advanced Renewables Alliance

APPENDIX E - Tethered Harvester/Forwarder Productivity and Cost Collection,
Joshua Petitmermet, September 29, 2016

Introduction

NARA has concentrated on feedstock from private, state, and tribal lands, primarily
from regeneration harvests. On federal forests, primarily forest restoration
treatments are being undertaken. Many of the sites needing the most urgent
treatment are on steeper sites. However, on steeper slopes, restoration operations
are expensive with traditional harvesting methods, and are often not undertaken.
Tethered harvesting technology provides an opportunity to increase feedstock
availability on steeper slopes through reduced costs. Tethered technology is
expanding rapidly in the PNW and is expected to become common with five years.

NARA had the opportunity to collaborate with the Fremont-Winema National
Forest, Collins Pine, the timber purchaser, and Miller Timber Services, the logging
contractor, to move in a tethered harvesting and tethered forwarder to the Pilot
Stewardship Harvest Unit for a study in a typical restoration treatment. During July
122016 through August 18t 2016 operators from Miller Timber Services (Philomath
OR) performed a thin from below fuels reduction treatment on approximately 65
acres of federal land on the Bly ranger district of the Fremont-Winema National
Forest. Operators used a tether-equipped harvester and forwarder, the Ponsse Bear
and King Elephant respectively. Over 28 days of operations 2660 tons of saw-quality
material was removed from the site and another 895 tons of pulp material was
collected and decked on site.

OSU researchers collaborated with Miller Timber Services operators to gather data
to produce cycle time and cost/productivity models for this understudied method
of harvest operations over four weeks of operations. GoPro Hero 4 Silver cameras
were mounted on hats and worn by the operators, providing a complete record of
harvest activities from each operator’s point of view with the intent of performing a
cycle time analysis. For the remainder of operations shift level forms were provided
to operators to record critical information. Analysis of the data, including nearly
four terabytes of video footage, is ongoing. Primary data collection and analysis is
being done by Joshua Petitmermet, graduate student at Oregon State University.

Objectives

1. Perform a detailed time study and shift level study of a cut to length thinning
operation in the Fremont-Winema National Forest, including tethered and
untethered operations and the harvest and handling of both merchantable and
non-merchantable material.

2. Use field data to develop cycle time and cost models for the observed systems.

3. Make a qualitative comparison to any other cost or cycle time models for steep
slope CTL systems in published literature.

Site Description and Treatment Goals

The study area is a high elevation mixed conifer site approximately twenty miles
northeast of the town of Bly, Oregon (Figure FL-3.E.1). The overstory is comprised
predominantly of ponderosa pine (Pinus ponderosa) and true fir (Abies spp.) with
minor components of lodgepole pine (Pinus contorta) and rare individuals of sugar
pine (Pinus lambertiana). Pretreatment stocking was highly variable, ranging
between 80 and 220 square feet of basal area per acre with an estimated average
of 160 square feet per acre. Numerous trees displayed evidence of heart or root

rot, drought stress, and/or bark beetle infestation. In higher density areas younger
cohorts often created a nearly continuous ladder of fuels from the forest floor the
canopy. The majority of the unit is on ground steeper than 30% (Figure FL-3.E.2),
generally considered the upper limit for ground based harvest operations on Forest
Service units. This combination of density, vigor, and fuel characteristics led the
Forest Service to a fairly aggressive thinning prescription; a thin from below with a
retention goal of 40-60 square feet of basal area per acre of large stems (diameter at
breast height of greater than 7”), and a target stocking of 70 trees per acre for small
stems (DBH < 7”). Species preference dictated the removal of true firs and retention
of pines where possible. All healthy five needle pines and all stems of greater than
21” DBH were to be retained. Typical conditions within the Pilot harvest unit before
and after treatment are shown in Figure FL-3.E.3.
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Figure FL-3.E.2. Harvest Unit Boundaries and road access to Pilot Harvest Unit (left) and slope class map (right).
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Figure FL-3.E.3. Pre/Post Treatment conditions at two points within the Pilot harvest unit.
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Figure FL-3.E.4 Harvester (left) and forwarder (right) in Pilot harvest unit.

Harvest Operations

On site operations began on July 12" 2016, with both the Ponsse “Bear” harvester
and Ponsse “King Elephant” forwarder starting work on the same day (Figure FL-
3.E.4). All felling and bucking was performed by the harvester, and all forwarding,
decking, and truck loading was performed by forwarder. All decking was done at
roadside. Both machines spent time manipulating slash to create or reinforce brush
mats to travel on.

From July 12% through July 18th the harvester worked northeast below the 91

road before moving to the northeast corner of the stand on July 19th and working
southwest below the 90 road. This change of direction was a conscious decision

to avoid creating haul conflicts along the 90 road when a given machine needed

to tie off a tether across it. The harvester finished working below the 90 road and
began working northeast above it on July 27th. The forwarder followed the same
pattern of work. The presence of a paved road below the harvest unit required an
adverse haul while working below the 90 and 91 roads, allowing a favorable haul
only when working above the 90 road. Throughout operations, corridor placement,
tree selection, and when and where to tether were operator choice. Both operators
commented that they tethered more often due to poor soils (low traction and
stability, large sections of rock) at slopes lower than they were accustomed. Due to
dry summer conditions a fire watch of varying length (1-3 hours, lengthening as the
season progressed) was in effect for the entirety of operations.
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Data Collection

The video footage was captured using GoPro Hero 4 Silver cameras mounted on
baseball caps worn by the harvester and forwarder operators. To minimize study-
driven interference the cameras were outfitted with 128 GB Samsung memory
cards and using onboard power (via USB ports built into both the harvester and
forwarder). Memory cards were switched out twice per day, once at midday, and
once at the start of fire watch. Cameras were turned on when the machine was
started each day and turned off at the start of fire watch.

Corridors were mapped via a post-harvest drone flight (Figure FL-3.E.5), and the
drones georeferenced photos checked against on foot GPS points at the start and
end of each corridor. On foot GPS points were taken using the PDF Maps software
package (Avenza Systems Inc.) on a Samsung Galalxy S4 Mini cellphone. Fuel
consumption and volume production data were provided directly by Miller Timber
from fuel billing and mill reports.

Figure FL-3.E.5. Reconstructed image using structure from motion to develop photogrammetric point cloud
and xyz coordinates at 3 cm pixel resolution.

Data Analysis

Analysis is ongoing and still in its early stages. Video footage is being analyzed

using Camtasia video editing software. Raw footage has been duplicated and the
duplicates resized from the GoPro’s native 1080p resolution down to 720p for faster
processing. These reduced resolution videos are being spliced into their component
activities (Figure FL-3.E.6), producing short, single activity segments that are then
reassembled into activity videos for each corridor. The length of these activity
videos is recorded into a master file and the spliced video itself is retained as
insurance against crashes or corruption of the master file.

vvvvv

[ OO0t

Figure FL-3.E.6. Video Processing in Camtasia Studio.

Eleven distinct activities were identified and isolated for use in the analysis. Seven
of the activities were done by both machines:

1. Out of Corridor Transit: time spent on roads moving from parking location to
corridor, corridor to corridor, or corridor to parking location.

2. In Corridor Transit: time spent moving within a corridor, starting when the
machine leaves the road or first manipulates a piece of material (whichever
comes first) and ending when the machine returns to the road.

3. Slash Manipulation: time spent interacting with non-saw non-pulp material.
This time is primarily comprised of operators gathering up slash material
and placing it in the brush mat.

4. Mechanical Delay: time spent while the machine is inactive due to
mechanical failure, including saw replacements, hose replacements, and
bolt failures.

5. Administrative Delay: time spent while the machine is inactive due to issues
other than mechanical failure, including discussions regarding the
prescription, breaks, lunches. An hour of administrative delay was added for
each vehicle on each day a fire watch was in effect.

6. Decking: time spent reorganizing logs prior to being loaded by the forwarder,
primarily done by the harvester.

7. Tethering: time spent attaching or removing a tether for steep slope
operations.

8. Three activities were done by the forwarder exclusively:

9. Bunk loading: time spent loading processed material for transport.

Bunk unloading: time spent unloading material onto roadside landings.

10. Truck loading: time spend loading material onto trucks to be hauled.

The final activity was done by the harvester exclusively:

11. Processing: time spent positioning the harvester head, felling, limbing,
and bucking.
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Two additional forms of delay occurred during the study, delays due to research
interference and delays due to VIP visitation. In general, neither of these delays
would be present normal operations, and were not included in the analysis.
Research delays usually were no more than three to five minutes per machine per
day, consisting of swapping out memory cards once at midday and once at the

end of the shift or the start of fire watch (as appropriate). VIP delays, consisting of
mostly short visits with representatives of various local companies and forestry-
oriented organizations occurred off and on throughout operations due to the
relative novelty of tethered harvester / forwarder technology and the demonstrative
nature of the Pilot Project as a whole.

The shift level data will be used with the machine rate method as described by
Brinker et al. (2002) to determine a cost per productive machine hour (the time in
which the machine is active), utilization rate (the ratio of active to inactive time
over a given period), cost per scheduled machine hour (the productive time divided
by the utilization rate), and, from that, the cost per volume output for the harvest

system.

Outputs

The results from this study will be converted into a format that can be used for
future NARA regional analyses, documented in a peer-reviewed manuscript, and
presented at the regional Council of Forest Engineering meeting.
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