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Development and Deployment of a Short Rotation Woody Crops Harvesting System Based on a
Case New Holland Forage Harvester and SRC Woody Crop Header
Executive Summary
Biomass for biofuels, bioproducts and bioenergy can be sourced from forests, agricultural crops,
various residue streams, and dedicated woody or herbaceous crops. Short rotation woody crops
(SRWC), like willow and hybrid poplar, are perennial cropping systems that produce a number of
environmental and economic development benefits in addition to being a renewable source of biomass
that can be produced on marginal land. Both hybrid poplar and willow have several characteristics that
make them an ideal feedstock for biofuels, bioproducts, and bioenergy; these include high yields that
can be obtained in three to four years, ease of cultivar propagation from dormant cuttings, a broad
underutilized genetic base, ease of breeding, ability to resprout after multiple harvests, and feedstock
composition similar to other sources of woody biomass.
Despite the range of benefits associated with SRWC systems, their deployment has been restricted
by high costs, low market acceptance associated with inconsistent chip quality (see below for further
explanation), and misperceptions about other feedstock characteristics (see below for further
explanation). Harvesting of SRWC is the largest single cost factor (~1/3 of the final delivered cost) in the
feedstock supply system. Harvesting is also the second largest input of primary fossil energy in the
system after commercial N fertilizer, accounting for about one third of the input. Therefore, improving
the efficiency of the harvesting system has the potential to reduce both cost and environmental impact.
At the start of this project, we projected that improving the overall efficiency of the harvesting system
by 25% would reduce the delivered cost of SRWC by approximately $0.50/MMBtu (or about $7.50/dry
ton). This goal was exceeded over the duration of this project, as noted below.
SRWC are typically planted using dormant hardwood cuttings with densities ranging from 3,600 to
15,000 cuttings ha-1 (1,460 to 6,070 cuttings ac-1). Early weed competition is controlled using a
combination of chemical and mechanical techniques. Woody plants are typically coppiced in a noncommercial harvest after one growing season, which results in vigorous re-sprouting the following
spring, and subsequently harvested every two to four years for up to seven cycles. Yields between 8 - 12
Mgdry ha-1 yr-1 (4 - 5 tondry ac-1 yr-1) across a range of commercial sites and cultivars have been measured,
which is about 44 - 65 Mgwet ha-1 (20 - 29 tonwet ha-1) at harvest. Yield Increases of 20-40% are
anticipated from planting new willow varieties developed in ongoing breeding and selection efforts.
The harvester used and improved in this project is a single-pass, cut and chip system based around a
New Holland forage harvester (FR-9000 series) and a New Holland cutting head (130 FB Coppice Header)
designed specifically for small diameter woody biomass that is now commercially available (Figure E1)
(see http://agriculture.newholland.com/us/en/Products/Hay-and-ForageEquipment/Documents/FR9000_NH31905051_INB.pdf for further description of this machinery). The
performance goals for the New Holland system were to commercialize a cutting head with an ability to
routinely cut stems up to 120 mm (4.7 inches) in diameter, produce chips with lengths between 10 and
45 mm (0.4 to 1.8 inches), harvest single or double rows, and harvest at up to 2 ha hr-1 (5 ac hr-1).
Additionally, the intention was to develop a cutting head that could be attached in a few hours to a
forage harvester without modification to the base unit chipper or feed rollers. This way, custom
operators could increase the utilization of their forage harvesters by expanding their season beyond
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common fall operations (e.g., harvesting corn
silage) to include late fall and winter harvests
of SRWC, with only a relatively modest
additional investment required to purchase
the coppice header.
Improvements to the harvester were
made in an iterative fashion with
modifications to the harvester being followed
by field testing in willow and hybrid poplar
crops. A number of key components of the
harvester were improved, including the
collection and feeding systems for stems,
which were made more effective and less
likely to jam by modifying the star wheels,
Figure E1: Harvesting willow biomass crops with a
vertical rotors, and crop strippers. The push
New Holland forage harvester and coppice header in
bar, which is the first part of the harvester to
December 2012.
come in contact with the crop, was modified
and strengthened so it would capture the crop more smoothly and align it to feed into the saw blades
that cut the crop near the base of the stems. Extensive testing and design work was also done on the
saw blades to make them as effective as possible while minimizing maintenance costs like sharpening
and replacement.
During the 3-year study period, 14 harvest events comprising over 120 hectares (300 acres) in total
were conducted between April 2010 and February 2013 on existing willow crops on private land in New
York State and hybrid poplar plantations in Oregon. In-field throughput from the harvester (expressed
as Mgwet hr-1 = metric tonneswet hr-1 = 1.1 short tonswet hr-1), also known as Effective Material Capacity
(EMC), increased from about 9 Mgwet hr-1 (10 tonswet hr-1) in the "base-case" demonstration at Lafayette,
NY in 2010 to over 70 Mgwet hr-1 (77 tonswet hr-1) on willow harvests from the commercial-scaled harvests
at Auburn, NY and Groveland, NY in winter 2012/13. Concurrently, harvester downtime (including
mechanical, and logistical delays) improved substantially from 75% to less than 15%, with over 87% of
the loads in the final year of harvesting having down times of less than 10%. These numbers are average
values for each of the sites; there were instances when the operation was run in optimal conditions (i.e.
crop and field conditions were good, wagons were in synchrony with the harvester, and the harvester
was running smoothly) and throughput was even higher. For example, in the base case harvest at
Lafayette in 2010, optimal harvester throughput was about 14 Mgwet hr-1 (15 tonswet hr-1) and in the final
trials it exceeded 100 Mgwet hr-1 (110 tonswet hr-1) in a few instances.
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Effective Field Capacity (ha hr; ac hr-1), which is analogous to
harvester speed, also increased
from 0.3 to 1.6 ha hr-1 (0.7 to 3.9
ac hr-1;  2 to 6 kph;  1 to 4 mph)
during the project. However, a
key lesson learned during the
project is that ground speed
alone is not a good indicator of
system improvement because
harvester throughput is related to
the combined effects of ground
conditions and standing biomass
at the site. When standing
Figure E2 Where ground conditions limit harvester speed,
biomass of SRWC was below
material capacity increases linearly relative to standing biomass.
about 45 Mgwet ha-1 (20 tonswet acThroughput plateaus once speed becomes limited by the
1
), throughput increased linearly
resistance of standing biomass.
with the amount of standing
biomass, while harvester speed was limited by ground conditions (Figure E2). However, once standing
biomass exceeded ~45 Mgwet ha-1 (20 tonswet ac-1) the harvester’s throughput reached its capacity and
the relationship between ground speed and throughput changed. Throughput of the harvester
plateaued between 70 and 90 Mgwet hr-1 (77-99 tonswet hr-1), but as the standing biomass increased
above 45 Mgwet hr-1 the harvester’s ground speed decreased linearly. This nonlinear relationship
between standing biomass and throughput was an important insight from these trials and resulted in a
restructuring of the harvesting cost calculations.
The physical quality of chips
produced from previous SRWC
50
harvesting systems were
40
inconsistent in size and often
included long stringy pieces of
30
biomass, which are problematic for
downstream handling and
20
conversion operations. These nonuniform physical characteristics,
10
along with misperceptions about
the high moisture and ash content
0
0
1
2
3
4
5
of willow biomass, created market
Ash Content (%)
barriers in NY where there has
been interest in using willow chips
Figure E3: Ash content for wood chip samples collected from
for power generation purposes.
harvests conducted between November 2012 and February
The New Holland harvesting system
2013.
has resolved the chip size issue and
consistently produces chips with
>80% of the material being between 25 and 45 mm (1.0 - 1.8 in) in size and less than 3% being smaller
than 6.4 mm (0.25 in) in size, and less than 1% as oversized chips. The consistent chip size range
produced by the harvester was demonstrated across 14 willow cultivars and under different weather,
soil and terrain conditions. The ash content of 224 loads of chips collected from harvesting trials in
2012/2013 was between 0.8 and 3.5 percent, with an average of 2.1 (SD 0.6) (Figure E3). Only 18% of

Frequency (%)

1
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the loads had ash contents between 3.0 and 3.5%. The moisture content was very consistent with an
average of 44.4 (SD 2.2) percent and only 0.5% of the samples had moisture content greater than 50%.
The impact of the improvements to the harvester and the harvesting system on the cost of
harvesting were assessed using two different models – namely EcoWillow and Integrated Biomass
Supply Analysis and Logistics (IBSAL). EcoWillow1 is a budget model designed for willow biomass crops
that are managed using a coppice system, such as that being used in NY. IBSAL was developed by Oak
Ridge National Laboratory (ORNL) to simulate a variety of biomass supply chains from the field to the
biorefinery. These two models are designed for different purposes and are intended for use at very
different scales. The EcoWillow model is designed for use by landowners or project developers who are
looking to plant from 10 to a few thousand hectares. For the scenarios run for this report the field size
was 10 ha. The IBSAL model is designed to be used at a much larger scale and in this scenario was built
around a supply of about 800,000 Mgdry yr-1 of willow biomass, which would require 67,000 to 80,000 ha
of willow, depending on the yield. The differences in the purpose of the models, the scales they are
designed to operate, and the structure of the models account for the differences in the output from the
two models.
Data from a trial in April 2010 were used as the base case inputs and data from harvesting done in
2012/13 were used as the inputs for the advanced case for both the EcoWillow and IBSAL model. The
costs presented below reflect costs associated with the harvesting, short term storage, reloading, and
transporting the biomass 45 km to a biorefinery. The costs do not include any other costs such as
planting, crop management, or profits for the grower.
Table E1 Harvesting and transportation costs* for willow biomass in base and advanced cases
compared using two different models, EcoWillow and IBSAL
EcoWillow
IBSAL
Average
Base Case
$ Mgdry-1
65
52
58
[$ tondry-1]
[59]
[47]
[53]
Advanced Case
$ Mgdry-1
39
34
37
[$ tondry-1]
[36]
[31]
[33]
Cost savings realized $ Mgdry-1
26
18
22
-1
[$ tondry ]
[23]
[16]
[20]
Cost Reduction
%
39.4
34.6
37.0
* Costs associated with crop planting, production and management, and profit for growers are excluded from these estimates.

While there were differences in the absolute costs generated by the two models, the proportion of
change between the base and advanced case was similar. Harvesting costs in the base case scenario
were $52 to 65 Mgdry-1 (Table E1), with the lower costs being associated with the much larger scale
operation. Harvesting costs were reduced by 35-40% between the base case and the advanced case to
$34-39 Mgdry-1 ($33 tondry-1). This is a reduction in harvesting costs of $18 - 26 Mgdry-1 over the duration
of this project. In addition to differences in the scale that the models operate at, updates to the
EcoWillow model made during this project to more accurately reflect the harvesting dynamics that were
measured in field trials may have contributed to some of the differences in the output from the two
models. The largest reduction in costs was associated with the harvester itself, where costs dropped by
1

Buchholz, T., and T. A. Volk. 2011. Improving the Profitability of Willow Crops—Identifying Opportunities with a Crop
Budget Model. BioEnergy Res. 4(2):85–95.
2
Sokhansanj, S., A. Kumar, and A. Turhollow. 2006. Development and implementation of integrated biomass supply
analysis and logistics model (IBSAL). Biomass Bioenergy. 30(10):838–847.
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53%. Costs associated with the equipment used to collect chips from the harvester and deliver them to
short term storage decreased by 33%. Improvements in the design of the New Holland harvester that
increased efficiency and throughput along with changes to the collection system accounted for the
majority of total cost reductions realized.
Significant improvements were made to the harvesting system for SRWC during this project. New
Holland is now actively marketing the 130 FB Coppice Header for its FR series of forage harvesters
through its network of dealers in both North America and Europe. One willow producer in northern NY
has purchased and is operating a FR series forage harvester with a 130 FB Coppice Header to manage
about 500 ha of willow in northern NY. Another custom operator in the Northwest US has used his NH
forage harvester with a coppice header rented by the project from New Holland to harvest hybrid poplar
crops at several locations. Several coppice headers have been sold in Europe as well.
While important progress has been made during this project, there are a number of areas where
additional improvements could make the harvesting system more effective and less costly. Future
efforts to reduce harvesting system costs should focus on optimizing the collection and delivery system
for the chips that are produced. One approach is to develop systems where biomass from SRWC is
incorporated more closely into the supply chain with wood chips from forestry operations in order to
improve the logistics associated with this crop. In addition to improving the logistics, improvements to
the harvester that will increase reliability and throughput capacity and expand the field conditions
where it can operate are needed to continue to lower harvesting costs. Since harvesting and logistics
still make up a large portion of the delivered cost of biomass from SRWC, progress in these areas is
essential so that SRWC can better contribute to the overall goal of creating renewable, efficient,
economically viable, and domestically produced sources of biomass energy.

12

Introduction
Biomass for bioproducts and bioenergy can be sourced from forests, agricultural crops, various
residue streams, and dedicated woody or herbaceous crops (USDOE 2011). Woody biomass feedstocks
have advantages in the northeastern US where forests occupy 67.4% of the land area (Smith et al. 2007),
agricultural production has been in a 20-year decline, and agricultural crop residues are in limited supply
because of the high demand for herbaceous forage by the dairy industry. Woody biomass is available
year-round from multiple sources, so end users are not dependent on a single source of material or a
narrow harvest window; this ensures a year-round feedstock supply, reduces the risk of dramatic price
fluctuations, and eliminates the need for complicated and expensive long-term storage of material,
which has the added benefit of preserving the quality attributes of the feedstock. As perennial cropping
systems, both natural forests and short rotation woody crops (SRWC), like willow (Salix spp.) and hybrid
poplar (Populus spp.), produce environmental and rural economic development benefits beyond a
renewable source of biomass.
Shrub willow biomass crops can be grown on marginal land (i.e., land that provides poor or
inconsistent returns under conventional crop production) using a coppice management system that
allows multiple harvests, usually every three or four years, from a single planting of genetically improved
shrub willow varieties (Abrahamson et al. 2010). Hybrid poplar, another commercially available SRWC, is
grown using similar crop management systems with adjustments made for site conditions and plant
requirements (El Bassam 2010), but the coppice system has not yet been widely employed for
production of poplar, which has historically served the pulp and paper and structural lumber industries.
The potential to generate usable chipped material from the harvesting operations of these species is a
key advantage of SWRC over other woody residues because completing preprocessing steps as close as
possible to harvesting and collection operations could lead to cost savings in advanced feedstock supply
systems (Hess et al. 2009).
Despite the extensive benefits associated with SRWC systems, their expansion and deployment
has been restricted by higher production costs and lower market acceptance. For willow biomass, crop
harvesting is the largest single cost factor (~1/3 of the final delivered cost); harvesting, handling, and
transportation combined account for 45-60% of the delivered cost (Buchholz and Volk 2011). Based on
the EcoPoplar model developed in this project, cost structures are similar for hybrid poplar. Harvesting is
also the second largest input of primary fossil energy in the system after commercial N fertilizer,
accounting for about one third of the input (Heller et al. 2003; Caputo et al. 2013).
In early 2003, several types of single-pass, cut and chip systems were evaluated for willow using
existing or modified platforms from throughout the world. Technical hurdles encountered included
durability of equipment in SRWC, chips lacking a consistent size (< 45 mm) and quality, and irregular
feeding of stems from the cutter to the chipper (Volk et al. 2010). Since 2008, Case New Holland (CNH)
has developed and improved a short rotation coppice header (130 FB) for the FR9000 series forage
harvester that is specifically designed to address these issues and to cut and chip a range of SRWC. The
130 FB header utilizes circular saw blades mounted in a near horizontal plane to rapidly cut stems near
ground level, which are then transferred into the forage harvester/chipper by three horizontally
mounted feed rolls. This FR9000 based harvesting system provides woodchips of a precise and uniform
length and size, plus the ability to adjust the size distribution of chips to meet specific end user needs.
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Objectives
The overall goal of this study is to evaluate and iteratively improve the performance of a single
pass cut and chip harvesting system based on a FR9000 forage harvester fitted with a dedicated 130 FB
short rotation coppice header. The performance objectives of this harvesting system were to: effectively
harvest single and double rows of SRWC, cut stems up to 120 mm in diameter without causing
significant damage to the stool beds, and run at a rate up to 2 ha hr-1 (5 ac hr-1), all while consistently
producing 10 to 45 mm long chips. This chipped material could then be transported directly to a
biorefinery without the need of further processing.
The project addressed four specific objectives critical to attaining this goal thought the following tasks:
Task 1: Develop, tune, test, and deploy a single-pass cut and chip harvesting system that can be used in
a range of willow and hybrid poplar cropping systems across the United States.
Task 2: Develop and refine one or more handling systems that will effectively and efficiently move
SRWC chips produced with the harvester in Task 1 from the field to the end user.
Task 3: Monitor changes in wood quality for chips of different sizes, harvested at different times of the
year, and stored under a variety of conditions.
Task 4: Assess and document the impact of harvesting improvements on the economics of SRWC
feedstock supply systems.
A description of the approach and strategies taken for each of the project Tasks, as well as the results
and conclusions reached, are described below.
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Task 1. Develop, tune, test, and deploy a single-pass cut and chip harvesting system that can be used
in a range of willow and hybrid poplar cropping systems across the United States.
General Description of System
A single-pass, cut and chip harvesting system is based around a New Holland forage harvester
(FR-9000 series) (Figure 1) and a specially designed cutting head (130 FB Coppice Header) for woody
biomass. The foundation for this system has been under development for the past decade in
collaboration with several project partners (SUNY-ESF, CNH, GWR, and MESA), and financial support
from USDOE, USDA, NYSERDA and NYSTAR. Between 2001 and 2008, previously tested machine/chipper
configurations had issues with inconsistent chip size and quality, poor harvester durability, poor
reliability, header feeding issues, and accepting an insufficient range of large stem sizes. The objectives
of the New Holland system were to design, modify, extensively field test and commercialize a cutting
head with an ability to cut and chip stems up to 120 mm in diameter, permit continuously variable
adjustment of chip lengths between 10 and 45 mm, effectively harvest either single or double rows, and
achieve a routine harvest rate up to 2 ha hr-1. Additionally, another goal was to develop a cutting head
that could be attached to or detached from the forage harvester in a few hours, without modification to
the base unit chipper or feed rollers, so that custom operators could increase the utilization of their
forage harvesters by expanding their season beyond common fall operations (e.g., typically harvesting
corn silage for dairy operations in NY) to include late fall and winter (i.e., dormant season) harvests of
SRWC.

Figure 1: Top left: A New Holland FR 9040 forage harvester with a 130 FB Coppice Header attached
being prepared for a hybrid poplar harvest in Western Oregon. Top right: A FR-9060 forage harvester
operating in a willow plantation at Auburn, NY in November, 2012. Bottom: Examples of headers
designed for different purposes that are available for the New Holland FR 9000-series of forage
harvesters. The 130 FB coppice header is featured on the far right in the lower image.
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Overview of Harvester Development
In the decade preceding the start of this project, testing of several types of single-pass, cut and
chip systems were evaluated for willow using existing or modified platforms from throughout the world.
Technical hurdles encountered included durability issues, chips lacking a consistent size (< 38 mm) and
quality (particularly physical attributes), and irregular feeding of stems from the cutter to the chipper.
Since 2008, Case New Holland Industrial (CNH) has developed an improved a short rotation coppice
harvesting platform from one of CNH's agricultural brands called New Holland Agriculture (New Holland
or NH). The platform tested consists of a coppice header (130 FB) for the New Holland FR9000 series
forage harvester specifically designed to address the previous issues for a range of SRWC feedstocks.
The 130 FB utilizes circular saw blades mounted in a near horizontal plane to cut stems, which are
transferred into the forage harvester/chopper drum by three horizontally mounted feed rolls. The
FR9000/130FB harvesting system provides woodchips of a precise and uniform length and size, plus the
ability to select chip sizing to meet the specific end user needs.
The harvesting platform that was used during the project was the 130FB Coppice header used
on the New Holland FR9060 and a FR9080 forage harvester. The two harvester models differ only in
horse power rating. Both components of the system are described below.

Description of FR9000 Base Unit
The FR9000 series forage harvester (Figure 2) was designed and built to primarily produce
animal feed for the dairy and beef cattle industries. It achieves this by feeding crop into the harvester
where the cutterhead/drum cuts the crop into precise short lengths. Crops typically cut are maize/corn,
alfalfa, and a variety of pasture grasses, which are stored as ensiled crop (silage). In the field, the crop is
brought into the harvester through a header attachment which passes the crop into the feedroll
module, which precisely controls the rate at which the crop is fed into the cutterhead. The cutterhead
spins at a constant speed of approximately 1132 rpm, so by varying the speed of the feedrolls (rate at
which crop is feed into the cutterhead) the length of cut can be adjusted within a defined range (Figure
2). During the project, the 2 x 8 cutterhead/drum was used, which has eight pairs of knives paired in a
chefron formation on a single drum (Figure 2). There may be times when a different cutterhead
configuration might be preferred based on the desired chip length. New Holland does offer several
different configurations but only the 2 x 8 was used during this project, which produces the larger chips
sizes; however, other cutterhead configurations are available depending on end-user requirements.
.
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Figure 2: (left) FR forage harvester configured for corn/maize harvest. (right) Crop feeding and
cutting/chipping system (with top feedroll module removed to expose cutterhead).

Cut crop is accelerated and thrown rearward off the bottom of the cutterhead and guided up
into the crop accelerator (Figure 3). The crop accelerator increases the velocity of the crop further,
which provides the momentum to carry it up and out the spout of the forage harvester, where it is
typically transferred to a crop transport vehicle (e.g., a forage wagon pulled by a tractor).

Figure 3: Exploded view of FR crop accelerator, which feeds
into the base of the discharge spout on the FR-9000 harvester.
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The New Holland FR9000 series forage harvester that was used in this project has recently been
replaced by New Holland’s latest series of self-propelled forage harvesters the FR FORAGE CRUISER
series with virtually the same horse power ratings, driveline, and chopping system as the older FR9000
series used in the project. There were no modifications to the onboard chopping system or the feedroll
drive system in this new model line.
130FB Coppice Header Attachment
The 130FB coppice header attachment for the FR9000 series forage harvester was designed in
2008, prior to the start of this project in 2010. A second generation prototype unit was used in this
project. A limited number of second generation units were constructed in late 2008 - early 2009. One
of the second generation prototype 130FB headers can be seen in Figure 4. The 130FB utilizes circular
saw blades mounted in a near horizontal plane to cut short rotation woody crops. These saw blades
spin at approximately 2900rpm, and are driven hydraulically. Feeder drums located vertically and
concentrically over the saw blades rotate independently at approximately 160 rpm to actively feed crop
back into the harvester.
Back in the throat of the header there are three horizontally mounted feedrolls that help feed
crop back into the FR9000 base unit feedroll module. The lower front feedroll in the header (often
referred to as the paddle roll) has deep paddles on it to help flip the base of each stem up into the two
feedrolls behind it that are spring loaded together. These two rear feedrolls in the header grab the crop
and pull the stems back towards the feedroll module of the FR9000 harvester. The complete crop
cutting and feeding system of the 130FB header is shown in Figure 4.
Summary of 130FB SRC Woody Crop Header


It has two overlapping and counter-rotating high speed saw blades that provide a clean cut of
the stems without damaging the stool bed. The height of the saw blades above the soil surface
can be adjusted by the harvester to accommodate rougher terrain.



The two star wheels bolted to the bottom of the vertical rotors consistently converge the cut
crop towards the header throat in the center of the header.



It has an aggressive feeding system comprising of two vertical rotors, paddle roll, and two
feedrolls that force cut crop back into the harvester base unit.



The header is quick and easy to attach/detach from the FR9000 series forage harvester.
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Star wheel

Figure 4: 130FB cutting and feeding system. The strippers are not clearly seen in the picture as they are
located behind the vertical rotors.

The Challenges with the Implementation of FR9000 Forage Harvester and 130FB Header
The 130FB used during the project was a second-generation prototype unit, as mentioned
above. A limited number of units were constructed by New Holland for testing in the field in both the
U.S. and Europe prior to the project. In the U.S., testing was focused on willow and hybrid poplar
(Figure 5).

Figure 5: (left) FR9060 with second generation prototype 130FB cutting willow near Canastota, NY in
March, 2009. (right) FR9060 with 130FB harvesting hybrid poplar near Boardman, OR in April, 2009.
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The new components designed and tested adapted the FB130 unit for effective harvesting in
both short rotation willow, which is generally a crop with multiple stems of a relatively small diameter,
and hybrid poplar, which in general has a smaller number (usually 1 in a non-coppice management
system) of larger stems on each stool. Using an iterative testing and redesign process in both willow and
hybrid poplar crops we identified five main modifications that improved the overall functionality of the
harvesting system and expanded the number of SRWC where the unit is effective. The four main areas
identified before the project and confirmed in-real world demonstrations during the project are
described below:
1.
2.
3.
4.

Quickly Removable/Installable Heavy Duty Star Wheels
Reconfigurable Vertical Rotors and Crop Strippers
Stronger Push-bar
Optimize saws blade for different conditions (tooth design, tooth type)

The process of developing these different components was largely based on the iterative
process that was built into the project. The best conceived design of the different components on the
header was deployed for field testing and observations were made on how the system operated under
field conditions. Based on the recommendations emerging from the field trials, modifications were again
made and the CNH team and outside suppliers (e.g., saw blades) engaged in redesigning the targeted
parts of the header. Once changes were made and installed, the system would once again be tested in
field trials and the implemented changes would be assessed relative to prior performance. The main
parameters used for determining progress on the different components during this iterative process
included costs, reliability, convenience, effectiveness and safety.
1.

Quickly Removable/Installable Heavy Duty Star Wheels

The Star Wheels which helps feed the cut material into the feedrolls on the original 130FB
design were one piece. To remove or install the wheels, both the saw blade and saw blade support
structure needed to be removed. The removal and installation of star wheels was made simpler, less
time consuming and less expensive by splitting the star wheel in two along its vertical axis (Figure 6).
Other modifications to the star wheel included drilling and tapping holes into the star wheel so bolts
could be threaded in and tightened from the top. The thickness of the star wheel was also increased to
make it stronger. The star wheel was designed so that it would not engage the stem before it is cut
through completely.

Bolts that hold
star wheel

Red wire frame
shows one of the
two halves of the
star wheel

Figure 6: Wireframe in star wheel shows how it has been split into two pieces
that can be slid into position from opposite sides.
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2.

Reconfigurable Vertical Rotors and Crop Strippers

In the original 130FB design, the vertical rotors were an integral part of the base cutter gearbox
assembly (Figure 7). Figure 7 shows the original 130FB vertical rotor and the new vertical rotor design
with bolt on paddles. Having the option for reconfigurable vertical rotors allows the operator to utilize a
more aggressive paddle for willow, which has many smaller stems that need to be compressed before
the vertical rotor can push the them into the feedrolls, and a less aggressive paddle for hybrid poplar
and eucalyptus, which have fewer stems of larger diameter that cannot be compressed as much as the
willow without stalling the vertical rotors. To accompany this bolt on paddle design, the crop strippers
in the throat of the header needed to be easily reconfigured to match the paddle changes of the vertical
rotor; crop strippers effectively strip crop off the vertical rotors. The crop strippers were redesigned
with a bolt on plate that can be changed when the paddles are changed on the vertical rotor, which
allows the crop strippers to maintain the correct clearance. The line of action of the crop strippers was
also changed so that they are in line with the central axis of the vertical rotors. If this stripper plate ever
gets bent, it will always lead to an increase in the clearance of the stripper with the vertical rotors
thereby preventing creation of a pinch point. Figure 8 shows the new stripper plate design.
Revised
vertical
rotor design
with bolt on
paddles

Base cutter gearbox assembly

original
vertical
rotor

Figure 7: (left) Original 130FB vertical rotor and one-piece star wheels. (right) Revised vertical rotor
design with bolt on paddles and two piece star wheels.

Stripper plate

Figure 8: Redesigned stripper plate that lies on a radial axis with the vertical rotors.
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3.

Stronger Push-bar

The purpose of the push bar is to contact the crop about 6-8 feet above the ground, which
bends the trees along the line of harvester travel. This contact occurs prior to the crop engaging with
the cutting saws, such that when the saw blades cut through the stems the base of the stem will be fed
into the feed rollers first.
The push-bar on the original 130FB worked well in willow (Figure 5), but the redesigned pushbar is a lot stiffer (especially in relation to torsional loads) and works well in hybrid poplar and
eucalyptus (Figure 9). It utilizes a twin spar design with cross bracing that stiffens the whole structure
up front. The front crossbar at the end has been changed from square tube to round tube to increase
the contact area of the crop against the front of the push bar.

Figure 9: (left) Heavy duty push bar. (right) The recent addition of a splitter in the middle of the arm
helps separate stems for a more efficient in-feeding of large-diameter stems (i.e. hybrid poplar).

4.

Saws

A significant amount of effort was spent working with local suppliers on evaluating and
improving the two different diameter saws blades used (760 mm diameter willow saw and 710 mm
diameter poplar saw). One of the problems with the saws was that the saw blades were not being used
in the well-controlled manner typically found in a saw mill. Specifically, the saw blades in the 130 FB
header are close to the ground where contact with objects (e.g., rocks) is possible, and there are heavy
lateral and vertical loads (weight of trees) on the blades. The original blades were 4mm thick with 6mm
stellite tips, and several different types of blades were tested to see if they would provide better
performance (Table 1). After testing with various crops and under different field conditions, it was
determined that the best general use blades are the stellite tipped blades (Figure 10), particularly if
there are stones and rocks in the field.
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Table 1: Saw options tested over course of project
Attributes
Blade Configuration
Stellite Tips
- Impact resistant
- 760mm diameter
- Soldered
- 4mm thick
- 6mm tips
Future 2000 Carbide Tips
- Brittle
710 or 760mm diameter
- Wear Resistant
7.5mm thick
- 3-grades
12mm tips
- Soldered
Future 2000 Carbide Tips on Riveted ITCO insert
- Riveted insert
710 or 760mm diameter
- Hardened parent metal
7.5mm thick
- Not wear resistant
12mm tips

Figure 10: 130 FB saw blade details, stellite (left) Tungsten Carbide (right)
5.

Other recomendations

Lastly, forestry-rated tires verse the standard agricultural tires the FR series harvesters are
normally equipped with are highly recommended due to their superior puncture resistance as the
forestry rated tire is designed and labeled for “severe service” as seen in figure 11, which allows the
harvester operator to drive over harvested stools when necessary. This is especially important at the
ends of the rows and when headlands are narrow. During the 2012/2013 season there were no
problems with damage to tires on the harvester, despite the very restrictive headlands and inconsistent
row spacing at the willow sites in Auburn and Groveland. Because of these field design issues, the
harvester frequently had to drive over cut stools to travel down a row or to turn around at the end of a
row.
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Figure 11: Forestry grade tires are highly recommended for the New Holland FR series harvester
when it is going to be used in short rotation woody crops.
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Overview of Harvesting System Development
The supply chain base case at the beginning of the project included the harvest, transport,
storage, and delivery of willow and hybrid poplar chips to biorefinery and/or other end-users (Figure
12). Initially, harvesters were expected to work with locally-sourced collection vehicles that could be
contracted to collect chips for transport and delivery to an end user in order to minimize the expense of
acquiring or transporting specialty equipment engineered for a single use. However, as the project
developed and the material capacity (throughput) of the harvester increased, other collection vehicles
were tried. As a result a wide variety of collection vehicles were tested throughout the project, each
with advantages and disadvantages, depending upon the exact circumstances of involved (Table 2; i.e.,
crop density, field layout, terrain, etc.).
Additionally, several different logistical approaches to material flow have been tried. A focus of
the early systems was to make use of equipment that was locally available, mostly from the large dairy
industry in the northeast, and to minimize the number of chip transfers between vehicles. The first case
entailed a self-unloading forage wagon pulled by a tractor alongside the harvester that collected chips
directly from the harvester. Chips from these self-unloading forage wagons were transferred into
tractor trailers at a separate landing using a forage blower hooked up to another tractor. While the
equipment in this system was readily available in the region, it was not very efficient. This system was
constrained by the time required to unload chips, the need for additional equipment to transfer the
chips to trucks, and the landing being geographically separated from the production field. Another early
collection strategy entailed the use of tractor-drawn dump wagons to receive chips from the harvester
and deposit them in piles at a separate landing site. This approach avoided the need for the chip
transfer via a blower, as described previously, but chips were then loaded into tractor trailers using a
bucket loader. This system also suffered inherent inefficiencies and required additional handling of the
biomass, while adding the potential for increased contamination of the chips with soil due to contact
with the ground.

Figure 12: Feedstock flow diagram from harvest to the biorefinery gate.
Heavy lines indicate the primary pathways.
25

Table 2: Characteristics of collection systems used in conjunction with the FR series New Holland forage
harvester and 130 FB coppice header when harvesting hybrid poplar and willow biomass crops. Pictures
of the equipment used in the different cases are shown in Figure 16 and details used for the modelling
work are provided in Appendix F.
Equipment
Small-Medium
SelfCane
10-Wheeled
18Dump
Propelled
Wagons
Trucks
Wheeled
Wagons/Carts
Wagons
Trucks
Capacity (Mgwet)
4-8
4-5
10-12
12-14
12-22
Operating Cost
Low
Medium
Medium
Medium
High
Local Availability
High
Low
Very Low
Medium
High
Able to Load SemiNo
No
Yes
No
N/A
Truck at Field Edge
Maneuverability
Fair-Excellent
Excellent
Excellent
Fair-Good
Poor
Cycle Time
Good
Poor
Excellent
Good
Poor
Operability on Soft
Excellent
Excellent
Good
Poor
Impossible
Ground
Estimated Range to
< 1-3 km
< 1-3 km
<1-5 km
< 50 km
> 2 km
Unloading
Durability in SRWC,
Variable
Good
Excellent
Fair
Poor
Especially Related to
Tire Punctures
Primary Limitations
(1) Capacity
(1) Capacity
(1) High
(1) Tire
(1) Turning
(2) Wheel
(2) Cycle
Center of
damage
radius
Spacing
Time
Gravity
(2) Sensitive to (2) Effective
Field Layout
Capacity
and Headlands
Example
Richardton 960
Oxbo Pixall
Broussard
Mack
Big Jack
4408
DM 690S
(harvesting
Mack
head
CH613
removed)

In later harvests, collection systems were tried that reduced the number of chip transfers in
order to increase efficiency and reduce costs. A collection systems that worked well when ground
conditions were appropriate was to blow chips directly from the harvester into over-the-road trucks
with open top boxes running alongside, which then delivered chips to short-term storage or directly to
the end user. This method was first used to great effect at the original hybrid poplar harvests in
Boardman, OR, and later at the 2012 Auburn, NY willow harvest. However, trucks are sensitive to
ground conditions and tight headlands, and so cannot always be used this way. They have less ground
clearance and present softer underbellies; hydraulic and/or electrical lines may be snagged and pulled
loose, mechanical components can be damaged by rough terrain, and tires are highly prone to puncture.
When ground conditions or the layout of the field precluded the use of trucks directly in the field, the
harvester either blew chips into high-lift dump wagons (self-propelled or tractor-drawn), which
subsequently unloaded chips into highway truck trailers at a roadside. One important development in
this process was locating and securing the use of a sugar cane dump wagon, which had the correct
footprint to fit in the SRWC field design and a greater capacity than locally available dump wagons.
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Overview of GPS methods
Methods for tracking system performance have evolved throughout the project. Time and
motion data were collected for the harvester and each of the collection vehicles at sites using a mixture
of instruments and field notes. A detailed explanation of methodology is available in Appendix B.
During operations, the harvester and collection system vehicles were equipped with GPS data-loggers;
these devices recorded instantaneous positions of equipment every second and were accurate within 13 m. Over the course of these two harvests, one harvester, and 2-4 collection vehicles were operating
each day yielding over one million GPS data points. GPS data was augmented by field notes collected by
observers located in the cab of the harvester, and at the harvest landing. Note-taking focused on
recording exact times for key events during the harvest (e.g. tractor exchanges, cultivar types, causes of
delays, etc.). Field observations and GPS records were merged based on UTC time stamps, checked for
accuracy, and the combined data set was used for subsequent data analysis.
The essence of the GPS post-processing entails taking time, distance, row spacing, and load
weights in order to calculate speed, effective field capacity (ha hr-1), standing biomass (Mgwet ha-1), and
effective material capacity (Mgwet hr-1) (Figure 13). Effective material capacity may commonly be
referred to as harvest "throughput". Individual truck loads that are weighed with the chips being
delivered to short term storage serve as the experimental replication for statistical analysis. Wet
weights, as opposed to oven dry weights, are used because they reflect the nature of the material being
moved by the system. At both sites, chip samples were collected from more than 150 truckloads of
material that were delivered to short term storage. The precision of GPS data permits machine activities
to be highly segmented, and thus calculations of speed, EFC, standing biomass, and EMC may
characterize real events, or evaluate the cumulative effects of specific time sinks (e.g., turning in
headlands, waiting for a collection vehicle). Statistical comparisons were made in SAS 9.2 (SAS Institute
2013) using the MIXED, GENMOD, or REG procedures depending on data distributions (i.e., normal data
PROC MIXED or PROC REG; skewed data PROC GENMOD).
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Figure 13: Time and distance obtained from GPS data, row spacing, and individual load weights were
used to calculate speed, effective field capacity (ha hr-1), standing biomass (Mgwet ha-1), and effective
material capacity (Mgwet hr-1)

Overview of Harvests
During the 3-year study period, 14 harvests comprising over 120 hectares were conducted
between April 2010 and February 2013 on existing willow crops in New York State and hybrid poplar
plantations that were established in Oregon in 2010 (Table 2). Topography on these sites were generally
level to moderately sloped (less than 10%), and within the operational range of the New Holland FR9000 series forage harvester. Willow crops were generally fully stocked, and were typically in the firstrotation (of 7) of coppiced or non-coppiced root stock. Some of the fields were interplanted after the
first growing season to increase plant density and so ended up with a mixture of coppiced and
uncoppiced plants. The cultivars in the willow fields varied from location to location, but depending on
field size, consisted of anywhere from 2 to 10 individual cultivars planted in blocks. Because the larger
fields used in this study were planted commercially and some replanting was done on a subset of them,
it was not always possible to definitively determine all the cultivars in each field.
The hybrid poplar plantations planted in Oregon had a lower initial plant density because of the
design of the commercial system employed by our project partners, Greenwood Resources. Thus, the
hybrid poplar stands where the harvester was tested had lower amounts of standing biomass than most
of the willow crops. The hybrid poplar plantations were designed to test the yield performance of
specific cultivars (i.e., for purposes of evaluating genetic materials), planting configurations, and planting
densities, so it was easier to collect data on specific aspects of these systems.
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Table 3: Locations of harvests conducted between April 2010 and February 2013 to evaluate the
performance of the New Holland 130 FB coppice header during development. Details on harvests at
individual sites are located in Appendix A1 and A2.
Harvest Name
Date
Total Area
Longitude
Latitude
Harvested
ha
Willow Harvests
Base Case
LaFayette, NY
Apr 6-14, 2010
4.9
76°06’43”W
42°58’52”N
Intermediate Cases
Westfield, NY
December 2010
0.82
79°34’00”W
42°19’00”N
Middlebury, VT
Jan 4-5, 2011
2.2
73°11’45”W
44°00’34”N
Delhi, NY
July 8-9, 2011
2.4
74°56’22”W
42°15’08”N
Constableville, NY Oct 17-18, 2011
2.7
75°31’33”W
43°33’27”N
Canastota, NY
Nov 14-16 2011
8.9
75°44’16”W
43°03’03”N
Advanced Cases
Auburn, NY
Nov 21-Dec 1, 2012
40
76°40’21”W
42°55’22”N
Groveland, NY
Dec 13, 2012 –
15
77°44’49”W
42°42’09”N
Feb 4, 2013
Hybrid poplar Harvests
Boardman, OR
Aug 11, 2012
8.5
119°37’11”W
45°45’27”N
Boardman, OR
Dec 5-7, 2011
16.5
119°36’54”W
45°45’27”N
Clatskanie, OR
Aug 20, 2012
15
123°10’17”W
46°09’01”N

The harvester has been tested on a range of sites and conditions, and has demonstrated
continued technological improvement over the course of this project (Table 3). In-field throughput from
the machine (Mgwet hr-1), also known as Effective Material Capacity (EMC), has increased from about 9
Mgwet hr-1 in the "base-case" at Lafayette, NY in 2010, to over 70 Mgwet hr-1 on willow harvests from the
two commercial-scaled harvests at Auburn, NY and Groveland, NY in 2012 (Figure 14); concurrently,
downtime has decreased substantially from 75% to less than 15%. These are average values for each of
the sites; there were instances when conditions were almost ideal (i.e. crop and field were good,
wagons were in synchrony with the harvester, and the harvester was running smoothly) and EMC was
higher. For example, in the base case trial at Lafayette, best observed EMC was about 14 Mgwet hr-1. In
the earlier trials these periods of higher performing runs were important because they provided a
glimpse of the potential of the system and provided benchmarks to identify problems that could be
resolved.
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Table 4: Average in-field performance of the harvesters employed at each harvest site. Means include
harvester-induced in-field delays.
Harvest Name
Effective Field
Average Speed
Standing
Effective Material
(In chronological order)
Capacity
Biomass
Capacity
-1
-1
ha hr
kph
Mgwet ha
Mgwet hr-1
Willow Harvests
LaFayette, NY*
0.54
2.4
26
14
Westfield, NY*
27
Middlebury, VT*
1.3
5.8
39
51
Delhi, NY*
Constableville, NY
0.75
3.3
50
37
Canastota 1 and 2, NY
0.57
2.5
60
35
Auburn, NY
1.6
6.8
43
67
Groveland, NY
1.1
4.6
68
72
Hybrid poplar Harvests
Boardman 1, OR
Low density
1.9
6.2
19
36
High density
2.1
6.8
21
43
Intercrop
3.3
5.4
13
42
Boardman 2, OR **
Clatskanie, OR
1.5
5.0
17
25
* GPS coverage was very poor.
** No GPS monitoring, harvest summarized on page 65.

Figure 14: Improvements in Effective Material Capacity for several willow harvests from below 20 Mgwet
hr-1 to about 70 Mgwet hr-1, as observed over the three-year project. However the relationship between
speed and Material Capacity is confounded by standing biomass (Figure 14).
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Improvements in EMC were not linear over time because crop and field conditions, and driver
skill and experience for both the harvester and wagons, impacted the operation (Table 4, Figure 14). In
the first two harvest seasons EMC ranged from a low of 8.8 Mgwet hr-1 at Lafayette to 51 Mgwet hr-1 at
Middlebury. The following harvest season EMC was in the mid 30 Mgwet hr-1 at both the sites where
trials occurred. By the third harvesting season the EMC was considerably higher and much more
consistent over a greater area, indicating that many of the lessons that had been learned and the
improvements that had been made were effective. A more detailed analysis and explanation of the
harvests at the Auburn and Groveland sites is presented below.
Effective Field Capacity (ha hr-1), which is analogous to average harvester speed (kph), has also
increased from 0.3 to 1.6 ha hr-1 ( 2 to 6 kph) during the project (Table 4, Figure 14). However,
Effective Field Capacity (EFC) alone is not a good indicator of system improvement because EMC is
derived from EFC and the standing biomass (Mgwet ha-1). By overlaying standing biomass isolines onto
the plot, the standing biomass required to generate a desired throughput at a given harvester speed is
shown (Figure 15). Thus, the sensitivity of sites with lower standing biomass to speed becomes
apparent. In order to generate the same throughput as generated in 2012 at Groveland, a site such as
Canastota, NY would have required a manageable increase in ground speed of about 2 kph (0.5 ha hr1
). Similarly, a site such as Constableville, NY would have required an increased ground speed of 3.5 kph
(1 ha hr-1) to attain the EMC observed at Groveland. However, a site such as LaFayette, NY would have
required an increase in ground speed of 4.5 kph to match 2011 harvest levels seen at Constableville or
Canastota, and an increase of 15 kph to match 2012 harvest levels at Groveland or Auburn; a 15-kph
speed in most NY willow plantations is probably unrealistic for any harvesting platform.

Figure 15: Sensitivity of effective material capacity to standing biomass. Red lines illustrate the required
increases in speed (Effective Field Capacity) required for earlier harvests to match the throughput of the
final harvests. Stands with low standing biomass would require unreasonably large increases in speed to
achieve the same output as those obtained at Groveland and Auburn.
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Overview of Harvest Dynamics
There is a significant need to understand the sources of uncertainty and variation associated
with bioenergy production systems (Kenney et al. 2013; Sharma et al. 2013). A more complete
understanding of the sources and degree of uncertainty with regards to the feedstock supply chain is
required in order to adequately model, describe the economics of, and improve the logistics of these
systems.
Two sites were selected for harvest in the 2012-2013 harvest season with the goals of
documenting the improvements to the harvester platform and addressing the uncertainty associated
with willow production systems. The sites were: (1) a ~40-ha, 4-yr-old willow plantation located near
Auburn, NY with standing biomass ranging between 20 and 65 Mgwet ha-1, and (2) a 14-ha, 4-yr-old
willow plantation located near Groveland, NY with standing biomass ranging between 30 and 95 Mgwet
ha-1. Prior to harvesting, data was collected from a series of about 80 plots at Auburn and Groveland to
characterize the willow crops that were present. Because of differences in the growth form of different
cultivars that are visually apparent in the field and have been noted in previous studies (e.g., Tharakan
et al. 2003; Mirck and Volk 2009) two different willow cultivars were measured at both sites. In each
randomly located plot, all the diameters on four stools were measured and the stem form index (see
section titled “Impact of Cultivar Stemform on Harvesting” for details) was also measured.
The willow crop was taller at Groveland (6.5 m) than at Auburn (4.9 m) (P<0.0001), but the
overall range was 4.7 to 8.2 m and 3.3 to 7.8 m respectively. Mean stem density at Auburn was 145,000
stems ha-1, which was greater than at Groveland with 80,600 stems ha-1 (P<0.0001); the trees at
Groveland were never coppiced, but those at Auburn were coppiced after the first growing season.
There were no significant differences in stem density among cultivars at Groveland, but there were at
Auburn (Table 4), likely due to the size of the fields and range of growing conditions at that site. There
was a significant difference in the overall diameter distributions for each site (P<0.0001) (Figure 16)
(Wang and Rennolls 2005); the mean stem diameter at Auburn was 16.4 mm (@20 cm above ground),
with all stems under 45-50 mm, and the mean diameter at Groveland was 20.6 mm, with 94.6 percent
below 45-50 mm. Among three cultivars with different growth forms (Fish Creek, SV1, and SX67), there
were significant differences in stem diameters within site, but a greater differentiation at Groveland
(Table 6).

Table 5: Mean stem densities for three cultivars immediately before the harvests at Auburn and
Groveland, NY conducted between November 2012 and February 2013. Letters indicate significant
differences at the alpha=0.05 level.
Cultivar
Auburn, NY *
Groveland, NY **
Stem density (stems ha-1)
Fish Creek
144,000 a
76,100 cd
SV1
133,000 ab
103,000 bc
SX67
159,000 a
62,400 d
* Coppiced after first growing season; ** Never coppiced.
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Table 6: Mean stem diameters for three cultivars immediately before the harvests at Auburn and
Groveland, NY conducted between November 2012 and February 2013. Letters indicate significant
differences in overall diameter distributions at the alpha=0.05 level using a gamma distribution.
Cultivar
Auburn Harvest
Groveland Harvest
mean diameter (mm)
Fish Creek
17.7 (se 0.33) c
21.9 (se 0.78) b
SV1
14.8 (se 0.60) d
19.2 (se 1.26) c
SX67
16.9 (se 0.50) c
24.8 (se 1.25) a
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Figure 16: Diameter distributions, and cumulative percent, in the willow biomass crops at the Auburn
(top) and Groveland (bottom) sites prior to harvests conducted between Nov 2012 and Feb 2013.
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These sites were originally installed and maintained by entities outside of this project; thus,
there was no specific experimental design regarding cultivar selection, areas planted, or arrangement of
fields. Although these sites had the advantage of being commercially-scaled, they also presented
significant challenges with regards to headland and row-spacing specifications, landings, collection
system logistics, and in-field slopes in some areas. Ultimately, both harvests provided excellent
opportunities to evaluate an array of logistical constraints on material capacity and chip quality over a
wide range of standing biomass.
Harvest dates at Auburn, NY were November 21, 23, 24, 29, 30, and Dec 1, 2012 for a total of
34.4 hours of in-field operations. Harvest dates at Groveland were Dec 13, 15, and 17, 2012 and Feb 4,
2013 for a total of 24.4 hours of operations. The harvester was a New Holland-owned FR 9060 harvester
with 130 FB coppice header, and it was driven by an experienced New Holland operator. The
operational objective of the harvester operator was to simulate a commercial harvest and maximize
throughput. The cut length of the harvester was set for the maximum 33 mm in order to facilitate high
throughput and expedient harvests. There was no external direction given to harvest cultivar groups in
a specific order and disrupt what was considered by the harvester and collection system operators to be
the optimal harvesting patterns. Due to good ground conditions, the operator was able to keep
harvester engine-loading at or near 100% for the majority of the harvests.
Two locally-sourced collection systems were tested during the harvests. The first three days at
Auburn, silage trucks received chips directly from the harvester. During that time ground conditions
allowed brief test of a tractor trailer, but after a short time it became apparent that the very small
headlands and the truck’s large turning radius were incompatible. A mixture of silage trucks, selfpropelled vertical-lift dump wagons, and tractor-drawn vertical-lift dump carts/wagons were used to
transfer chips into waiting trucks at the edge of the field after numerous truck tire punctures on the
third day (Figure 17). Chips were driven approximately 7 km to the short-term storage site (Figure 18).
The set up at Groveland was slightly different than at Auburn. The willow fields were in closer
proximity to a short term storage location and a scale where trucks could be weighed. Silage trucks were
not locally available and headlands and ground conditions at this site made it unlikely that they would
be effective. The collection system at Groveland consisted of self-propelled and tractor-drawn verticallift dump wagons that transferred chips into waiting silage trucks and tractor trailers, which transported
chips about 1 km to short-term storage site (Figure 19).
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Figure 17: Examples of collection system vehicles tested at the Auburn and Groveland, NY harvests in
2012. Horizontally from top: (1) direct loading into a tractor trailer; (2) direct loading into a silage truck;
(3) a self-propelled vertical-lift dump wagon; (4) a vertical-lift dump cart; (5 & 6) a vertical-lift "sugarcane" wagon.

Figure 18: Location of harvest and short term storage sites near Auburn, NY. This short term storage
site was selected because it had a paved surface to minimize contamination in the crop and was located
adjacent to a scale where trucks could be weighed.
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Figure 19: Location of harvest and short term storage sites near Groveland, NY.

Harvester System Performance
Harvester performance is characterized by three linked parameters: (1) Effective Field Capacity
(EFC) (ha hr-1), which is functionally equivalent to speed (kph) for given row spacings; (2) standing
biomass, delivered (Mgwet ha-1) which is the biomass per unit area that was collected and delivered to
short-term storage; and (3) Effective Material Capacity (EMC) (Mgwet hr-1), or throughput, which is the
rate chips are produced or are moving through the system (Hunt 2001; ASABE 2011). These parameters
are linked because with any two, the third can be derived. In the context of this part of the analysis we
do not include turn times in the calculations of EFC or EMC because the turns are not a sole reflection of
the harvester's performance; the time spent on turns is confounded by other machines working in the
system, especially on these sites where the headlands were very limited. Subsequently, three
relationships for a harvest are used to evaluate system performance using these parameters: (1)
throughput (EMC) versus EFC, which shows the amount of material produced at a given speed; (2) EFC
vs standing biomass, which shows the speeds achieved in crops with different amounts of standing
biomass, and (3) throughput vs. standing biomass, which shows the productivity of a system across a
range of standing biomass. Efficiency in the context of this study is defined as the material capacity
calculated at any stage of the process divided by the material capacity of the harvester at field speed.
For the purposes of this discussion we have separated out loads with field capacities greater than 90
percent to delineate "high-efficiency" loads (Hunt 2001; ASABE 2011). However, it should be noted that
the harvester was very efficient at these harvests; 90% of loads at Auburn and 83% of loads at
Groveland were better than 90% efficient.
Throughput vs Effective Field Capacity may be useful for big picture comparisons of the
technological improvements of the harvester, as can be seen in Figure 13. However, due to the range of
standing biomass in willow crops in the fields at Auburn and Groveland, speed was a poor predictor of
harvester throughput (Figure 20). The standing biomass isolines in Figure 20 define the standing
biomass required at a given speed to achieve a given throughput. There was a fairly poor relationship
between EFC or speed and throughput (P = 0.7803) for combined loads (excluding the low-speed, lowefficiency leverage points (Montogomory et al. 2001) at the Auburn and Groveland harvests, and only a
slight negative correlation amongst high-efficiency loads (P = 0.0491).
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Figure 20: Effective Material Capacity (i.e., throughput) plotted against Effective Field Capacity (speed)
for 153 loads collected over 10 days at Auburn and Groveland, NY. Dotted isolines indicate the standing
biomass required for a given Effective Field Capacity on the X-axis to achieve a given Effective Material
Capacity on the Y-axis.

The relationship between Effective Material Capacity and standing biomass is more informative
(Figure 21). Particularly in this case, because the operator kept engine loads at or near 100 percent, we
can assume that the limits of the harvesting platform are being tested. Throughput (i.e., EMC) increases
within a concentrated band between 1.5 and 2.0 ha hr-1 for observed loads where standing biomass was
below 40-45 Mgwet ha-1, with a distinct linear boundary along the 2 ha hr-1 EFC isoline, and a diffuse
boundary below 1.5 ha hr-1. This pattern is due to the limitations that ground conditions impose on
harvester speed and may be related to several factors: (1) Lack of traction may prevent higher speeds
from being attained; (2) Rough ground can damage the harvester or collection vehicles over a certain
speed, and are physically demanding for operators; (3) High speeds (over 10 kph) increase the risk of
lifting and damage to stools as the harvester begins to move forward faster than the saw blades can cut
through the stool.
An inflection point appears to exist in the pattern once standing biomass exceeds about 40-45
Mgwet ha-1 (Figure 21). Crop biomass begins to limit harvester speed at this point, and throughput
attains a fairly level to slightly positively sloped plateau with the majority of loads falling between 70
and 90 Mgwet hr-1. In other words, the harvester maintains a fairly consistent range of throughput once
standing biomass becomes the primary limitation to harvester speed over ground conditions (i.e. the
factors mentioned above).
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Figure 21: Effective Material Capacity (i.e., throughput) plotted against standing biomass for 153 loads
collected over 10 days at Auburn and Groveland, NY. Dotted isolines indicate the Effective Field
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Standing biomass has a significant effect on harvester in-field speed and Effective Field Capacity
for high-efficiency loads (P < 0.0001) and explains over 60% of the variability observed in EFC on these
sites (Figure 22). For every 10 Mgwet ha-1 increase in standing biomass between 20 and 90 Mgwet ha-1, infield EFC decreased by 0.15 ha hr-1 ( 0.65 kph) for both combined loads and high-efficiency loads (>
90%). Extending the regression line above 100 Mgwet ha-1 implies that throughput could begin to decline
with biomass somewhere between 100 and 140 Mgwet hr-1. This indicates that the point where the
harvesting platform would become mechanically limited by standing biomass is probably outside the
growth potential of current willow cultivars, which typically accumulate less than 25 Mgwet ha-1 yr-1.
Given that the prescribed cutting cycles is 3-4 years, we do not expect the New Holland harvesting
platform to be mechanically limited by willow crops that are grown under current recommended
rotation lengths for short rotation woody crops.
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Figure 22: A regression line showing the relationship between Effective Field Capacity (i.e., speed) and
standing biomass for runs greater than 90 percent efficiency.

Several important results should be emphasized from the evaluation of harvester performance.
(1) The New Holland FR-9000 series forage harvester with a 130 FB coppice header has successfully
developed into a reliable and predictable platform for harvesting short rotation woody crops. (2) There
was very little in-field downtime associated with the later harvests; however, increased down time in
the field will obviously adversely affect harvester throughput efficiency. (3) Effective Material Capacity
is limited by ground conditions at lower standing biomass, or is limited by decreasing ground speeds as
standing biomass increases; once the harvester platform becomes limited by standing biomass, it will
produce chipped material at a relatively consistent rate. This result is very encouraging from the
perspective of end-users and operators, who will be able to count on a relatively stable production rate
given certain biomass levels and good field conditions. (4) The speed required to generate loads at an
equivalent Effective Material Capacity increases exponentially as standing biomass decreases (Figure
23). Sites that have low standing biomass are less sensitive to changes in speed than sites with higher
standing biomass with regards to throughput. Thus, this harvesting system may become less
economical once its speed is limited by ground conditions, especially for stands with very low standing
biomass. At Auburn and Groveland, this threshold occurred in rows where standing biomass was less
than 40 Mgwet ha-1. (5) The standing biomass range where steady throughput would be expected to
decline under similar conditions is between 100 and 140 Mgwet ha-1. These stands were harvested at 4years of age, while 3-years are the recommended harvest age. Given the current state of cultivar
development, yields greater than 100 Mgwet ha-1 in three years would not be expected.
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Figure 23: Relationship of Effective Material Capacity to Effective Field Capacity and standing biomass.
The speed required to generate loads at an equivalent material capacity increases exponentially as
standing biomass decreases, as evidenced by the dotted isolines.

Hybrid poplar Harvest in Clatskanie, OR
In contrast to the Auburn and Groveland harvests, a 15-ha harvest was conducted near
Clatskanie, OR on non-coppiced hybrid poplar in August 2012. The harvest was conducted by a privately
contracted custom harvester using the New Holland innovation group 130 FB coppice header attached
to the operator’s privately owned FR 9040. Only one collection vehicle was available and operating in
support of the harvester, so the harvester was not operating under conditions that could maximize its
throughput or efficiency. The harvest itself is not representative of a typical poplar harvest operation
due to it being the first harvest on this crop and there was low standing biomass. However, it was the
only hybrid poplar harvest that utilized the most up-to-date time-motion methodology, and it provides
some information about the harvesting system when operating in exceptionally low-yield stands. In a
previous hybrid poplar harvest in Boardman, OR in 2011 on similarly sized, uncoppiced trees, an
Effective Field Capacity of over 3 ha hr-1 (over 9.5 kph) was achieved, whereas in Clatskanie a the
maximum Effective Field Capacity was slightly under 2 ha hr-1 (about 6.5 kph) (Figure 24). The difference
was likely due the difference in ground conditions, operator behavior, and the use of an FR-9040 (424
hp) at Clatskanie versus an FR-9060 (591 hp) at Boardman. The majority of the field at Clatskanie had
less than 25 Mgwet ha-1 standing biomass. Effective Material Capacities ranged between 15 and 50 Mgwet
hr-1 (Figure 25), but a plateau in EMC, as observed at Auburn and Groveland, was not observed. This can
be explained because an extremely unlikely ground speed of over 13 kph would have been required to
match the throughput of the willow harvests. What this harvest primarily illustrates is that at low
standing biomass, throughput is limited by ground speed.
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Implications
Given the results from Auburn, Groveland, and Clatskanie, we hypothesize that five general
harvester performance patterns exist among combinations of throughput and standing biomass
variables for the most efficient loads, because ground/weather conditions, field layout, equipment
capability, and equipment operator experience are subject to change (Figure 26). These patterns may
have discrete or diffuse boundaries, but the general pattern could influence the logistics and economics
when pairing a particular harvesting system to a given SRWC that has a specific set of field and crop
characteristics.
In the first case, maximum throughput may never be reached. The harvester operates at the
maximum EFC permitted by ground conditions and throughput increases with standing biomass (Figure
26a). This pattern would be most likely observed on stands with low standing biomass, such as the
harvest made at Clatskanie. However, with a wider range of standing biomass, we would expect a
dichotomous relationship between throughput and standing biomass similar to those seen for the
Groveland and Auburn harvests (Figure 26b). Although not specifically observed during this project, we
can predict the existence of other patterns. For instance, every harvester will have a mechanical limit
for the amount of standing biomass where it can effectively operate, especially if the proportion of
oversized stems begins to increase. If the limiting stem size is common enough within the two to four
year rotations used for most short rotation woody crops, three additional patterns between throughput
and standing biomass may exist. In the third case, throughput increases to a plateau at an inflection
point, and then reaches the mechanical limit of the machine and declines as the harvester becomes less
efficient; although the rate or shape of the decline of this third element of the pattern is unknown based
on this study (Figure 26c). The mechanical limit of the 130 FB coppice header is specified to be up to 45
mm stems; there were no stems over that limit at Auburn, and less than 5 percent at Groveland (Figure
15). In the context of conditions at Auburn and Groveland and the FR 9060 harvester running at or near
100 percent engine loading, we might infer the mechanical limit could be reached somewhere between
100 and 140 Mgwet ha-1 based on the regression presented in Figure 22. Given that the best performing
cultivars in current trials have growth rates below 25 Mgwet ha yr-1, we would not expect the tested
harvesting platform to encounter willow stands with that amount of biomass using the recommended
three-year cutting cycle, but it would be useful to be able to determine these limits to optimize the
system. The fourth case is a layered version of the third, where three patters overlay each other
resulting in a discrete top boundary for the plateau of throughput relative to standing biomass, but a
more diffuse boundary below and an increase in observations with poor harvester efficiency. Such a
case could occur in mixed plantings where diameter classes are very different among rows of different
cultivars with the same amount of standing biomass (Figure 26d). Finally, in the fifth case, the limiting
standing biomass may be reached before ground conditions limit speed; thus, throughput would rise,
and then fall off immediately without a plateau being observed (Figure 26e). We might expect this
pattern to appear where there is a fundamental mismatch between vehicle capability and crop
attributes – specifically, in the case where and undersized machine is used in a stand with stems over its
mechanical limit.
With improved technology, changing personnel or experience, or changing site conditions, the
shape of the five patterns can change in ways that may also affect the performance and economics of a
given harvesting system. In the case of the Groveland and Auburn harvests, ground speed was limited
to 2 ha hr-1 (about 10 kph). Given improved or degraded ground conditions, or producing chips of a
different size out of the harvester, the limit on ground speed will shift, thus changing the level of
standing biomass where the inflection point occurs but leaving the plateau in a fixed position (Figure 27
a&b). Therefore, the plateau of crop limited throughput occurred in a band approximately between 70
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and 90 Mgwet hr-1. If a harvester with greater engine capacity had been used (i.e., an FR-9080) this band
may have increased by a certain percentage. Alternatively, if a smaller harvester had been used, a limit
on engine loading had been set, or a less-experienced driver had been operating the harvester, the
plateau could decrease by a certain percentage. In either of these cases, the inflection point shifts
relative to standing biomass the same percentage as the plateau moves up or down (Figure 27 c&d).
The best EFC we have witnessed over this three-year project was approximately 3 ha hr-1, and the worst
daily average occurred at Groveland when snow had prevented the ground from freezing and we were
limited to EFC less than 1.5 ha hr-1. In a harvest unrelated to those funded by this project, we observed
limited runs performed by a less experienced operator in similar fields where a maximum throughput
was achieved that was at least 20 percent below what our experienced operator demonstrated at
Auburn and Groveland. If we consider a 10% decrease in the crop limited band on a site with ground
conditions that permit 3 ha hr-1, and a 10% increase in the crop limited band on a site with ground
conditions that only permit 1.5 ha hr-1, we can postulate that the range of biomass where the inflection
could occur for system similar to the one tested will be between 25 and 66 Mgwet ha-1 (Figure 27 e&f). A
goal of future work will be to utilize logistic and other modeling efforts to investigate the impact the
aforementioned factors on the economics and productivity of a harvesting system and then ideally test
these models in the field.

Figure 26 a-e: Five possible generalized patterns of throughput for a harvester working at high efficiency
in short rotation woody crops (note axes are not scaled): (a) ground-conditions limited; (b) dichotomous
ground/crop limited; (c) ground/crop/mechanically limited; (d) ground/crop/mechanically for mixed
plantings; (e) dichotomous ground/mechanically limited. Harvester efficiency is also expected to decline
as standing biomass increases.
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Figure 27a-f: Effect of improved or degraded ground conditions on maximum throughput achievable,
and worst case scenarios on the range of inflection points. The grey band indicates the majority of data
points observed at the Auburn and Groveland harvests. The stars indicate the inflection point for these
other scenarios.
While the data collected from this project provides a strong framework for how this harvesting
system will work in woody crops, it did not capture all of the different scenarios that might impact
harvester throughput for harvesting systems in general. Given the potential variability in and range of
possible responses it will take additional field and logistic modeling efforts to quantify the optimal
harvesting system for a given range of standing biomass. A harvester platform such as that used in the
Auburn and Groveland harvest is well suited for stands with larger biomass from an economic
standpoint; specifically, the standing biomass where the harvester is operating near 100% engine load
and throughput is at a maximum (i.e., the plateau). However, the position of the inflection point can be
somewhat sensitive to ground conditions, crop conditions, machine capability, and operator experience.
What is certain from this work is that the New Holland harvester platform as tested can operate
effectively in a wide range of expected conditions and deliver a consistent and predictable supply of
feedstock to end users.
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Impact of Cultivar Stemform on Harvesting
A frequent point of discussion over the course of this project was the impact that willow
cultivars have on the harvesting system. In particular, there are some cultivars that operators
consistently indicate are easier to harvest and some that are more difficult (Eisenbies et al. 2012).
Specifically, cultivars with significant "goosenecking" (crooks at the base of the stem that widen the
stool and cause the stems to spread out) are more challenging to effectively operate machinery,
particularly near the field edges. While there are visual differences in cultivars that can be seen in the
field, there was no known method to quantify these differences so that the impact of stem form on
harvesting and other operations could be assessed. As part of this project we developed, tested, and
refined an index to quantify stem form in the field and were able to use it to identify differences among
cultivars in the field (Figure 28). “Stemform index” is calculated based on an angle and inflection
measurement taken at the base of stools, and the combined spread of the two stools at breast height
(1.4 m), orthogonal to the direction of travel (Figure 29). An 18-cultivar trial located in Belleville, NY was
measured as an initial test of the concept in the winter of 2011. The trial was at the end of its second
three year rotation and measurements were done after leaf fall but before harvest. Differences in stem
form index as low as 0.16 m2 were detected using only four replications (Figure 29). The original
methodology was biased to select the most extreme stem forms and was later modified to emphasize
larger stems, and not preferentially chosen extreme stem form cases.

Figure 28: “Stemform Index” is the cross sectional area at breast height of two willow stools orthogonal
to the harvester's direction of travel down the row. It is hypothesized to be correlated to the resistance
the harvester encounters when stools spread.
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Figure 29. Measuring stem form on uncoppiced willow biomass crops in Groveland, NY several weeks
before harvesting occurred.

Figure 30: Comparison of the stem form index values for cultivars in the yield trial located at Belleville,
NY in winter 2011. Colored bars indicate means separations using Fishers Least Significant Difference.
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The effect of cultivar on EMC was tested using a set of loads consisting entirely of single cultivars
(SV1, Fish Creek, SX67, and other SX cultivars) from the Auburn and Groveland, NY harvests. These
cultivars were selected because they represent the expected range of growth forms that occur in our
willow fields and the stem form protocol developed indicates that we could quantify the harvest
performance differences, if any, among these cultivars at essentially identical planting densities and field
conditions at these two sites. SV1 has spreading stools with pronounced "goosenecking" at the base.
Our operator has commented that this cultivar in particular is among the most difficult to harvest: rows
are difficult to enter and maintain course, which requires increased concentration, and anecdotally
contends there are more stems causing header feeding issues. Comparatively, Fish Creek has a many
straight stems with narrow diameters. Our operator has made very favorable comments regarding
operating the harvester in this cultivar. The SX67 and other SX cultivars generally have a straight growth
form with minimal "goosenecking" and high biomass production, but this production is distributed on
fewer, larger diameters stems compared to Fish Creek.
Plots were established in the fields at both Auburn and Groveland prior to harvesting, and stem
form and stem diameter measurements were collected. The analysis was conducted in SAS 9.2 using the
mixed procedure at the alpha = 0.05 level. Significant differences in cross sectional area were observed
among cultivars (P = 0.0013) (Table 6) and between harvest locations (P = 0.0006) (Table 7), but there
was no significant site by cultivar interaction (P=0.1490). The willows at Groveland were considerably
larger (height and biomass) than Auburn, but presented a smaller cross sectional area. Differences in
EMC (without turns, but including delays) were marginally significant between cultivars (P = 0.0538)
using standing biomass as a covariate. The relationship between cross-sectional area and machine
productivity presents an excellent opportunity for future study, and would be facilitated by a real-time
measure of Effective Material Capacity and engine loading that can be time matched to precise field
attributes.

Table 7: Differences in stem form index for three cultivars harvested at Auburn and Groveland. Letters
indicate significant differences at the alpha=0.05 level.
Cultivar
Stemform Index (m2)
SV1
1.94 A
SX67
1.73 B
Fish Creek
1.73 B
Table 8: Differences in stem form index at the Auburn (four years old on a five year old root system) and
Groveland (5 years old on a five year old root system) harvest sites. Letters indicate significant
differences at the alpha=0.05 level
Harvest Location
Stemform Index (m2)
Auburn
1.93 A
Groveland
1.68 B
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System Efficiency
System performance begins with the harvester platform, and it cannot exceed average
harvester throughput. Other components of the operation can reduce overall system efficiency as chips
are transported to short-term storage or an end user. In order to maximize system performance, the
harvester should be supported by a collection system with a capacity to move chips off the field at the
rate they are produced. One goal of this project has been to utilize locally-sourced collection equipment
to receive chips from the harvester. A reduction in harvest logistics costs is expected by minimizing the
number of pieces of specialized equipment required to harvest short rotation woody crops. To assess
the performance of the overall system, we evaluated the loss of efficiency as components of the process
are added to the harvesting system through delivery to short term storage. Appendix B and Eisenbies et
al. (2014) describe the GPS methods in greater detail, but the essential process begins by determining
the EMC (Mgwet hr-1) of the harvester at field speed (field speed being defined as the harvester's speed
(kph)), or EFC (ha hr-1) when all non-productive "legs" (groups of GPS points representing turns, delays,
or holds) are excluded from time calculations.
For example, For example, if a load generated 12 Mgwet, and the harvester spent 10 minutes in
the planted area actively harvesting, EMC would be 72 Mgwet hr-1; incorporating GPS legs representing
30 seconds of field delays would decrease EMC to 69 Mgwet hr-1; incorporating a GPS leg for a 60 second
turn in the headland decreases EMC to 63 Mgwet hr-1. If the EMC for two collection vehicles delivering
chips to short term storage at individual EMC's of 15 Mgwet hr-1 concurrent with the harvester load the
system EMC would be calculated as 30 Mgwet hr-1. Wet weights, as opposed to oven-dry weights, are
reported given that wet weights drive harvesting and delivery costs. Delay legs or headland legs, can be
included or excluded from the calculations to evaluate system productivity for involved vehicles at a
field-speed maximum, or at intermediate phases until delivery to short term storage. Efficiency is
calculated by dividing EMC at any stage by the harvester's maximum EMC at field-speed.
The Auburn and Groveland harvests utilized different collection systems that were considered
the best options based on previous experience during this three-year project. For the first three days,
Auburn utilized silage trucks that received chipped willow biomass directly from the harvester, then
used a mixture of silage trucks and tractor-drawn, vertical-lift dump wagons. In Groveland, tractordrawn dump wagons and self-propelled vertical-lift dump wagons were utilized. Dump-wagons
transferred chips into waiting trucks at a landing located at the edge of the fields. In the context of the
harvester performance patterns reviewed above, Groveland had a significantly higher Effective Material
Capacity at field speed (P = 0.0007) because standing biomass was greater at Groveland than at the
Auburn location (Figure 31, Table 8). Higher EMC represents a higher demand being placed on the
collection system performance.
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Table 9: Cumulative effect of system components on Effective Material Capacity (Mgwet hr-1) as material moves from the harvester to short term
storage. Letters indicate significant differences within site only at the alpha = 0.05 level.
Table 9: Decrease in effective material capacity (Cm) (Mgwet hr-1) for loads as they move through key phases of harvesting and delivery of chips to
short term storage, progressing from the idealized harvester operating at field speed* to delivery to short term storage. Columns 1-5 are
derived from harvester data, and columns 6-7 are derived from collection system data. Letters indicate significant decreases Cm within site (row)
only at the alpha = 0.05 level. Standard deviations are reported in parentheses
Harvest
Number Standing
-------------------- Field Components --------------- Headland Components- - Transport Components Site
of Loads Biomass
(1)
(2)
(3)
(4)
(5)
(6)
(7)
Delivered
Field Speed*
Column (1)
Column (2) Column (3) Column (4) Collection
Collection
Undelayed
with
with
with
with
System
System Cm
Harvesting
Harvester
Tractor
Headland
Headland
Cm to
to
Induced
Induced
Turns
Delays
Landing
Short Term
Delays
Delays
Included
Included
Storage
Included
Included
Mgwet ha-1
43.4

----------------------------------------- Decreasing EMC (Mgwet hr-1) ----------------------------------------------Auburn
82
70.2 A
67.9 B
67.0 B
56.2C
44.8 D
26.4 E
(11.4)
(12.2)
(12.7)
(12.6)
(17.8)
(15.9)
Groveland
71
70.0
76.6 a
71.9 b
71.7 b
53.9 c
48.2 d
39.9 e
25.3 f
(12.3)
(15.7)
(15.8)
(14.8)
(16.2)
(20.7)
(11.3)
*field speed defined as “machine travel in the field during an uninterrupted period of functional activity“
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Figure 31: Reduction in Effective Material Capacity (mean + SD) for individual loads generated at the
Auburn and Groveland, NY harvests conducted in 2012-2013 as components and activities are added to
the process of harvesting and delivering chips to short term storage. Letters indicate significant
differences within harvest only at the alpha = 0.05 level.

There was no significant difference in the loss of efficiency within the field for the harvester and
collection system between the two sites (4.4% at Auburn and 6.7% at Groveland) (Table 9). The
collection systems at each site performed similarly in terms of following the harvester down a row while
receiving chips. The principal causes for the in-field loss of efficiency were when the harvester had to
pause for collection vehicle exchanges or to correct header feeding issues. Header feeding issues occur
when the header has trouble feeding larger stems, large volumes of stems or when stems become
lodged across the front of the harvester. Field delays were usually short, and for these two harvests
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90% of them were less than 30 seconds long (Figure 32) (Winkelmann 1996). Auburn had significantly
fewer in-field delays (P < 0.0001), which occurred at a rate under 3 delays or holds km-1 and lasted an
average 74 seconds. Groveland in-field delays occurred at a higher rate, under 5 holds km-1, but only
lasted an average 34 seconds per hold. Median delays for both sites were under 30 seconds. Field
conditions were generally better at Auburn with firmer soils and slightly more room at the headlands.
Due to the capacity of the silage trucks, collection vehicle exchanges usually occurred in the headlands.

Table 10: Mean percent decrease in Effective Material Capacity (EMC) (Mgwet hr-1) through key phases in
the harvesting and logistics systems as individual loads are harvested and transported to short term
storage. Phases in the harvesting systems are based on the columns in Table 9. Letters indicate
significant differences in columns only at the alpha = 0.05 level.
Harvest Site

Auburn (82
loads)
Groveland (71
loads)
Harvesting
system
components
from Table 2

Phases of Harvest and Transport
Decrease due
Decrease due
Decrease due
Decrease due
Overall
to in-field
to harvester
to headland
to transport to
Decrease
delays
turns
delays
short term
storage
---------------------------------- mean percent decrease in EMC -------------------------------------4.7 a
16 b
21 a
35 a
62 a
6.7 a

24 a

11 b

41 a

66 a

---------------------------------- reference columns in Table 9 --------------------------------------Column (1) to
Column (3) to
Column (4) to
Column (5) to
Column (1) to
(3)
(4)
(5)
(7)
(7)
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Figure 32: Distribution of in-field delays in 30-second increments at the Auburn and Groveland, NY
harvests conducted in 2012-2013.

Recommended headland widths for short rotation willow are over 9 m in order to provide
sufficient room for the harvester and collection vehicles to turn. Due to lack of experience with short
rotation woody crops, many landowners are used to planting traditional agricultural crops right up to
the field edge. Harvesting patterns and turns on the Auburn and Groveland harvests were executed at
the discretion of the harvester operator; however, the fields were not planted with the recommended
widths for headlands and presented challenging operating conditions. This was a particularly difficult
problem at the Groveland site where headlands on the back edge of the field were often less than 4
meters and bounded by large trees and a fence line; Auburn headlands had more room and were
bounded by drainage ditches, which offered a slightly less challenging situation. As a result, both sites
had undesirable drops in efficiency caused by the difficulty in turning the machinery at the ends of the
rows (not including delays/holds) (Figure 31; Table 8-9). Mean (median in parentheses) turn times
(delays excluded) were 106 (54) seconds at Groveland compared to 81 (39) seconds at Auburn. The
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overall distributions of headland turn times (delays excluded) were not significantly different at Auburn
and Groveland using traverse distance as a covariate (P = 0.2565 - gamma distribution) (Figure 33).
Ultimately, the more challenging conditions resulted in a significantly greater drop in efficiency at
Groveland (24%) versus Auburn (16%) (P= 0.0001) due to the physical turn required at the ends of the
rows (Table 9).
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Figure 33: Distribution of headland turn times in 30-second increments at the Auburn and Groveland,
NY harvests conducted in 2012-2013.

During harvesting operations there were delays consisting of short pauses to correct minor
issues or waiting for collection vehicles, but there were also some extended delays that involved longer
waits for collection vehicles or other breaks. Lacking the manpower to identify the cause of each and
every delay, for the purposes of this project we simply categorized delays whether they were under or
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over five minutes. Overall, extended delays comprised only 13 percent of the total number of delays
that occurred at Auburn and 6 percent of the delays at Groveland. However, extended delays
accounted for 56 and 75 percent of the total amount of delay time in the headlands respectively. There
was no significant difference in the average length of extended delays between harvests (P = 0.5117 gamma distribution), or in the distributions of the delays less than 5 minutes (P = 0.7055 - gamma
distribution) (Figure 34). The resulting loss in efficiency due to headland delays was 21 and 11 percent
at Auburn and Groveland, respectively. Auburn had a more significant loss of efficiency (P = 0.0012)
principally due to extended waits in headlands for returning collection vehicles due to the 7-km haul
distance. There were also problems at Auburn with sidewall damage to truck tires and punctured tires
as they attempted tight turns to enter and exit the headlands.
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Figure 34: Distribution of headland delay times in 30-second increments at the Auburn and Groveland,
NY harvests conducted in 2012-2013.
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The principal difference between the collection systems used at Auburn and Groveland was the
means by which chips are delivered to short term storage. Based on previous experience, minimizing
the number of times chips are transferred between vehicles makes the overall system work more
smoothly while maintaining quality and at a lower cost since fewer machines are required. Thus, a
collection system comprised of trucks that can both receive and deliver chips has been thought to be
superior. However, there was no significant difference in the loss of efficiency between the headland
and short term storage, 35 and 41 percent (P = 0.3715), or the overall loss of efficiency from field speed,
62 and 66 percent (P = 0.2041) (Table 9), for Auburn and Groveland respectively. Because of the haul
distance to short term storage, Auburn needed more trucks; when planning this harvest based on
previous work, the improved throughput was not anticipated, and the location of short-term storage 7km from the field was based on the location of available truck scales. Unfortunately, trucks are also less
tolerant of non-optimal ground conditions and are more susceptible to tire damage, especially when
headlands are inadequate. The short term storage location for Groveland was considerably closer, but
exchanges of chips to trucks at the landing required extra manpower and time. Had short term storage
occurred adjacent to the field, the overall loss of efficiency could have been 50 percent overall and only
8 percent from the headlands, with 40 percent of loads being 85 percent efficient. Based on these
results it seems that a reasonable goal for future work would be to devise a collection system that
results in no more than a 25 to 30 percent loss of efficiency between field speed and short term storage
(5% due to in field delays, 10% due to headland turns, 5% for headland delays, and 10% for delivery to
short-term-storage).
This study was not positioned to resolve the logistic issues faced in the Auburn and Groveland
scenarios. The proper number and type of collection vehicles for a given sized field and distance to
short term storage is the domain of logistic models such as the Integrated Biomass Supply and Logistics
Model (IBSAL) developed at Oak Ridge National Lab, or the Biomass Logistics Model (BLM) developed by
the Idaho National Lab. However, three things are clear from the data that was collected from using
these systems: (1) the throughput of the New Holland harvester is consistent over a wide range of
standing biomass, which should simplify the logistic challenges faced when planning harvesting
operations; (2) if a short-term storage site is to be employed, it should be located as close as possible to
the harvest site; and (3) the design of the field at the time of planting needs to take into consideration
the needs of harvesting operations.
Transportation Summary
Various arrangements for storing chips near a harvest site before loading and delivery to end
users were tried during the duration of this project. A just-in-time method was initially tested for the
willow harvest at Lafayette, NY, but coordinating truck arrivals as chips were produced was challenging
at the non-commercial scales of initial tests. As the project progressed chips produced from willow
harvests were stored on site or at some nearby location where tractor trailers could be loaded at a later
time and collection vehicles would not be tied up waiting to unload.
At the Auburn and Groveland sites in 2012 – 2013, harvested chips were stored at landings
located at 1 and 7 km away from the field. Two semi- trailer trucks were used to transport chips from
the temporary storage unit to the end users. A loader was used to scoop the chips from the ground and
fill these trucks. The semi- trailer trucks used were of average size with a capacity of 84 m3. A John
Deere 744h loader with a 9.1 m3 bucket required an average of 20 minutes to fill each truck to an
average of 85 percent capacity. Unloading time is approximately 10-15 minutes, but a total 30 minute
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turn-around to include scale and unlading time. The rental rate for the trucks and loader, including
drivers and operators, was about $95 hr-1 each. There is a significant portion of the value of the biomass
and is this area that will require further attention as part of efforts to reduce overall harvesting and
logistics costs.

Overview of Material Quality
Several key attributes of SRWC and other biomass feedstocks (i.e. ash content, moisture
content, particle size distribution, and energy content) are a persistent concern because of their effect
on costs, process efficiency, or materials handling (Lee and Bennington 2005; Kofman 2006; Dupont et
al. 2010; Daystar et al. 2013; Archambault-Léger and Lynd 2014). Although the properties of many
biomass feedstocks are typically quite variable, they are generally only reported as a mean or range of
means (Chandrasekaran et al. 2012; Tao et al. 2012; Kenney et al. 2013). For example, the reported
mean ash content for a variety of bioenergy crops range from below 0.5 to just over 6% (El Bassam
2010). The ash content of willow specifically is reported as 1.3-2.7 (Krzyżaniak et al. 2014; Volk et al.
2014). However, while mean values might be sufficiently low for modern conversion technology, ash
content for individual samples in some biomass feedstocks can spike to 15, 20, as high as 40% or more in
some cases (Kenney et al. 2013). Conversion systems are optimized for a limited range of variability in
feedstock characteristics and do not respond well to large changes in feedstock characteristics,
variability, and inconsistency which can cause serious problems for handling systems, and refining or
conversion processes (Dupont et al. 2010; Tallaksen 2011).
While there is room for improvement concerning the flexibility of conversion and handling
technologies (Dupont et al. 2010), the current level of variability in large scale biomass harvests over
time and growing seasons has been identified as an important barrier to the large scale
commercialization (Kenney et al. 2013). Various strategies have been proposed to decrease the
variability and improve the properties of biomass feedstocks such as a uniform format feedstock supply
system (Hess et al. 2009; Kenney et al. 2013). For example, blending feedstocks is an emerging
approach that could be effective in attenuating low quality biomass feedstocks to make them more
acceptable, and formulated feedstocks may even improve desirable properties such as energy content
(Yancey et al. 2013). Understanding the variability associated with feedstocks, and the sources of
noncompliance are one key to expanding the production, use, and acceptance a wider range of biomass
feedstocks.
Numerous entities have developed standards for wood chips, the most prevalent being various
European-led standards (e.g. CEN/TC 335 - Europe; ONORM M17135 - Austria; SS 187120 and 187121 –
Sweden) which have recently formed the basis for the development of international standards (ISO
2014b); the International Organization for Standardization (ISO) is a worldwide federation of national
standards bodies of 28 participating countries, including the United States, are members. ISO has
published standards for solid biofuels under (ISO 17725) which includes specifications for pellets,
briquettes, wood chips, and firewood (ISO 2014b). Wood chips (ISO 17725-4) are classified into four
different grades (A1, A2, B1, and B2) depending on where they are sourced and some key characteristics
like moisture and ash. The source and moisture requirements place freshly harvested willow biomass
chips in the B1 grade. Higher grades have more stringent moisture, ash, and bulk density requirements,
but there are no requirements with regards to elemental content (i.e. N, S, Cl, As, Cd, Cr, Cu, Pb, Hg, Ni,
or Zn) because source requirements specify that it is virgin wood and untreated wood residues. The B1
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and B2 grades have less stringent, requirements with regards to ash, moisture, and bulk density, but
have specific limits for elemental content.
In a thorough discussion of the variability of biomass feedstocks, Kenney et al (2013) raise two
intriguing issues regarding feedstock quality: (1) due to their inherent variability, biomass feedstocks
must be characterized beyond a mean value in order for end-users to design effective systems and
processes for the material, and (2) more information is needed to characterize materials obtained from
"field-run" operations as compared to "pristine" material obtained from small-scale yield trials. The
objective of this study is to meet that call by characterizing the properties of willow chips obtained from
over 50-ha of harvests conducted in the winter of 2012-2013 in central New York State. A second
objective was to compare the willow biomass chips produced to the current ISO standards for grade B1
wood chips "pristine" chips obtained from yield trials. Properties evaluated include ash content,
moisture content, energy content, selected elements (N, P, K, Ca, Cu, Mg, Na, S, and Zn), and particle
size. The description of the source of the willow biomass and the moisture content of the harvested
chips place this material in the B1 or B2 grade in the ISO standard.
Field Sampling
Machinery was precisely tracked through the stands in a time-motion study so that the cultivar
composition of each load was known; samples from individual loads of a single cultivars were identified,
and those from mixed loads may have consisted of chips from one or more cultivars. A sample (2-4
kgwet) of fresh chips were collected from each truck load upon delivery to short term storage, and
weighed to the nearest 0.1 g at the edge of the field on a scale (Mettler-Toledo PG 5002-S). The sample
was taken from within the chip mass of each truck load; Briggs et al. (Briggs et al. 1986) showed that
further stratification of the sample from a truck bed was not necessary. The samples were returned to
the lab and dried at 60°C until they reached a constant weight. Moisture content was determined
gravimetrically (ASABE 2012b).
Lab Analysis
A total of 224 sub samples, each representing one load, were ground in a Wiley mill through a
40-mesh screen for subsequent lab analyses and some analyses were carried out on subset of samples.
Ash content was analyzed for all 224 samples following the dry-ashing method by placing a crucible with
2-g samples in a cold muffle furnace and raising the temperature slowly up to 550°C (Westerman 1990).
Energy content was analyzed on 55 samples using Parr 6200 Oxygen Bomb Calorimeter (Moline, Illinois).
A subset of 46 samples was sent to a commercial lab (Agricultural Analytical Services Lab at Pennsylvania
State University) for chemical analysis. Ca, Cu, Fe, K, Mg, Mn, Na, P, S, and Zn were analyzed by dry
ashing, acid digestion using an Environmental Express AutoBlock II sample digester (Charleston, South
Carolina), followed by digestion solution analysis on Varian 730-ES Inductively Coupled Plasma - Optical
Emission Spectrometry (ICP-OES, Santa Clara, California) (Huang and Schulte 1985). Total nitrogen was
analyzed using the Elementar Vario Max CN Analyzer (Mount Laurel, New Jersey) following dry
combustion (Horneck and Miller 1998).
Particle Size
There are well established methods for determining particle size on standard wood chips in the
paper industry (ASABE 2012a; Savoie et al. 2013b). However, the cylindrical or semicylindrical chips
generated from SRWC such as willow can be quite different in shape such that many established
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methods are prone to error. The particle size of 122 samples ranging from 0.88 to 1.7-kgdry was
determined for six size classes using a Williams classifier equipped with five sieve sizes with circular
holes (6.35, 12.7, 19.1, 25.4, 31.8 mm) (ASABE 2012a). Sieving time was 15 seconds. Due to the unusual
shape of the SRWC chips, there was a high occurrence of "spearing" (narrow chips passing based on
their width as opposed to their length) which resulted in a high degree of pass-through on the screens.
Savoie et al (Savoie et al. 2013a) recommends that mechanical screening of this type of material be
coupled with more precise calibration and correction methods. The issue was addressed mechanically
by adding a 12-mm thick plywood plates with a hole pattern that matched the screen’s. This
modification reduced pass-through by increasing the angle pieces had reach in order to clear the screen;
however, pass-through was still unacceptably high. A correction factor was subsequently developed
using 20 samples of two of the most dissimilar extremes of cultivar chip sizes: SX67 chips had lengths
similar to diameters, and Fish Creek characterized by chip lengths disproportionality larger than
diameter. Pieces were hand sorted after sieving to determine the mass percentage belonging to each of
the larger screen sizes using a size gauge for each diameter of hole in the five screens. A correction
factor is reported and was subsequently applied for each screen size based on these results.
Statistics
Each load (4.5-5.4 Mgdry; 10-12 Mgwet) represents an area of 2,000 m2 (mean for Groveland) to
3,000 m2 (mean for Auburn) of willow biomass crops; thus they were treated as experimental replicates.
Loads were identified as either one cultivar, or mixed as determined by the time-motion data (Eisenbies
et al. 2014). The FREQ procedure (SAS 9.2) was used to evaluate the compliance rate and Wilson
confidence interval (Brown et al. 2002) of freshly harvested loads against the ISO standard as a pass/fail
binomial response at the alpha = 0.05 level. Differences between the physical and chemical properties
of chips were evaluated as a completely randomized design with a two way treatment structure (model:
Y = site cultivar site*cultivar) in the GLM procedure (SAS 9.2); means comparisons were made using
Fisher's protected least significant difference (Carmer and Swanson 1973). Contrasts of the means
against the ISO standard were made using the ESTIMATE statement in the GLM procedure (SAS 9.2).
Material Quality Results and Discussion
ISO Standard compliance by load
Chips harvested from willow biomass crops meet the source requirements for the ISO B1
standards for graded wood chips (ISO 2014b). Biomass from the commercial-scaled harvests in Auburn
and Groveland generally conformed to the standard with the exception of ash content (Table 11).
Eighteen percent of 108 individual loads sourced from Auburn exceeded the 3% ash standard by a mean
of 0.23%, and a 0.49% maximum. Two percent of the 116 loads from Groveland also failed the B1 ash
standard, but this was not significantly different from 100% compliance based on the 95% confidence
interval. One sample from Auburn also failed the B1 zinc standard (100 mg kgdry-1) by 20 mg kgdry-1, but
this result was not significantly different from 100% compliance.
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Table 11: Compliance of loads of chips from willow biomass crops with ISO 17225-4 standards for grade
B1 and B2 wood chips for ash, moisture and chemical characteristics
Moisture Content Ash Content
Report Maximum
%
Overall

51

Auburn

51

Cu
N
S
Zn
ISO Standard
3%
10 mg kgdry-1 1% 1000 mg kgdry-1 100 mg kgdry-1
------------------------- Percent Compliance ------------------------(95% confidence interval)
91
100
100
100
98*
(86-93)
(89-100)

82
100
(74-88)
Groveland
48
98*
100
(94-100)
*not significantly different from 100% compliance

100

100

100

100

96
(80-99)
100

There was a significant relationship between cultivar and biomass quality. Over 80% of the
loads from Fish Creek were below the ISO B1 standard ash content at both sites, and had a 2-3% lower
moisture content than other cultivars (P=0.0003) (Table 12). The relationship between cultivar and ash
content could be associated with stem sizes, smaller stems having larger proportions of bark; bark has
higher ash content and smaller stems generally having more bark (Tharakan et al. 2003; Smart and
Cameron 2012). However, while Fish Creek stem diameters were among the largest at Auburn, they
were only mid-sized at Groveland. Additionally, the diameters of the SV1 cultivar were among the
smallest at both sites (Figure 35), so while stem diameter distributions may play a role in ash content
there also appears to be a disposition of some cultivars for lower ash content. Differences in yields
among these cultivars has been reported (Volk et al. 2011; Serapiglia et al. 2012) and have been a main
driver in selecting plant material for commercial expansion. However, Kenney et al. (2013) has
suggested that a focus on biomass yield alone may be over emphasized and that greater attention
should be placed on quality in combination with yield.
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Table 12: Ash content and compliance with ISO 17225-4 standard for B1 and B2 wood chips of willow
biomass chips from different shrub willow diversity groups. Letters indicate significant differences
within columns at the alpha=0.05 level
Cultivar species grouping

n

mean (stddev)
ISO B1 ash content standard at 3.0%
percent ash
percent compliance (95% CI)
--------------------------------------------------------- Auburn ---------------------------------------------------------Mixed loads
69
2.3 AB (0.67)
80 (69-88)
SX61, SX64, SX67 (S. miyabeana)
25
2.5 A (0.48)
80 (61-91)
SV1 (S. x dasyclados)
6
2.4 AB (0.26)
100
Fish Creek (S. purpurea)
8
1.4 C (0.19)
100
------------------------------------------------------- Groveland -------------------------------------------------------Mixed loads
68
2.1 B (0.52)
99 (92-100)
SX61, SX64, SX67 (S. miyabeana)
24
2.3 AB (0.38)
96 (80-99)
SV1 (S. x dasyclados)
18
1.5 C (0.19)
100
Fish Creek (S. purpurea)
6
1.3 C (0.24)
100

Figure 35: Proportional diameter distributions for three shrub willow cultivars at the end of the 2012
growing season prior to harvesting. The plants at Auburn were four years old on a five year old root
system and the plants at Groveland were five years old on a five year old root system
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Biomass properties
For these harvests there were significant site effects with every property tested with the
exception of energy content (Table 13); however, the weighted sums of squares suggest cultivar effects
were more important than site when they were statistically significant, with the exception of nitrogen.
In most cases the coefficients of variation were in the range of 5 to 30%. "Pristine" chip samples were
acquired from second-rotation, willow yield trials which were hand harvested in 2008 (Serapiglia et al.
2012) and in 2011. These sites had similar cultivar groups as the Auburn and Groveland sites, but the
hand harvested sites were located on better drained soils and more attention was paid to stand
establishment (weed control and fertilization). Although there is no satisfactory way to combine these
dissimilar experiments statistically, the ranges and coefficients of variation were similar (Table 14).
Additionally, the main site effect was always significant, but the importance of cultivar over site seen in
these large scale harvests did not occur for the pristine samples.
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Table 13: Characteristics of willow chips harvested at a commercial scale with single pass cut and chip system. Sample size, mean, coefficient of
variation (CV%), and overall percentiles are reported. The r-square indicates the degree to which the full model (Y = site cultivar site*cultivar)
explains the variability of the data. The percentage of the weighted squares indicates the relative importance of the two main effects describing
the data in the full model; the interaction term was not significant for any of the properties

units
sample size (n)
Auburn mean
(CV%)
Groveland
mean
(CV%)

----------------------------------------------------------------------- Property ----------------------------------------------------------------------Ash
M
Energy
Ca
Cu
K
Mg
N
Na
P
S
Zn
-1
-1
-1
%
%
MJ kgdry
-------------------- mg kgdry -------------------%
-------------------- mg kgdry -------------------224
205
55
46
46
46
46
46
46
46
46
46
2.3
44
18.6
6828
6.8
1919
473
0.4
9.5
828
208
77
(28)
(5)
(1)
(34)
(11)
(14)
(13)
(13)
(56)
(10)
(12)
(20)
2.0
45
5485
5.7
1454
350
0.33
6.4
612
177
55
(26)
(6)
(37)
(10)
(9)
(9)
(15)
(26)
(10)
(13)
(23)

----------------------------------------------------------------- Overall Percentiles ---------------------------------------------------------------3.5
51
19.1
13000
8.6
2300
600
0.49
24
940
280
120
3.0
47
19.0
9000
7.4
2200
520
0.44
11
900
230
89
2.6
46
18.8
7400
7.0
2000
470
0.40
8.5
850
210
84
2.1
45
18.6
6300
6.1
1700
400
0.35
7.0
690
190
64
1.6
44
18.4
4700
5.5
1400
340
0.31
5.0
620
170
52
1.4
41
18.4
3300
5.2
1400
320
0.29
4.5
550
160
45
0.8
36
18.3
2500
5.0
1300
300
0.26
4.0
520
130
34
----------------------------------------------- Test of the model Y = Site Cultivar Site*Cultivar -------------------------------------------------global P-value
<0.0001 <0.0001 0.0052
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0061 <0.0001 0.0023 <0.0001
R-squared
29
15
34
55
58
60
63
55
39
75
42
61
----------------------------------------------- Percentage of the sum of weighted squares (type III)* -----------------------------------------------site
17
27
--ns-11
70
94
98
65
27
93
70
67
cultivar
73
59
92
87
--ns---ns---ns-32
51
--ns---ns---ns-*Note: site*cultivar term was not significant for any property
Maximum
90th
75th
50th
25th
10th
Minimum
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Table 14: Characteristics of willow chips mechanically harvested with a single pass cut and chip systems at a commercial scale, and hand
harvested chips obtained from smaller field trials
Ash
MC
E
Ca
Cu
K
Mg
N
Na
P
S
Zn
---------------------------------------------------------------------------------- n ------------------------------------------------------------------------------------mechanical
224
205
55
46
46
46
46
46
46
46
46
46
pristine
97
97
97
97
97
97
97
97
97
97
97
97
-1
-1
-1
%
%
MJ kgdry
----------------- mg kgdry ---------------------%
----------------- mg kgdry ---------------------mechanical
2.1
44
18.6
6157
6.2
1687
412
0.36
7.9
720
193
66
pristine
1.7
46
18.8
3355
2.9
753
139
0.34
47
510
130
35
---------------------------------------------------------------------------------- CV% ---------------------------------------------------------------------------------mechanical
28
5
1
37
14
19
19
17
53
18
15
27
pristine
28
6
1
36
27
23
29
25
33
20
22
22
-------------------------------------------------------------------- Primary component* ---------------------------------------------------------------------mechanical cultivar
cultivar
cultivar
cultivar
site
site
site
site
cultivar
site
site
site
pristine
cultivar
cultivar
site
cultivar
site
site
cultivar
site
site
cultivar
site
--ns-* As determined by the percentage of the sum of weighted squares (type III)

63

Wet biomass must be dried to be burned or sacrifice efficiency (El Bassam 2010). Thus moisture
content and the expense of drying are often brought up as a limitation of SRWC and other woody crops
which often have moisture contents anywhere from 40 to 60%. In the case of conversion technologies
that require wet chips, moisture content is not an issue since adding water is part of the process. In
some locations, wetter chips may even be more desirable so that additional water does not have to be
acquired and added in the processing in the biorefinery. The mean moisture content of the biomass
from the Auburn and Groveland harvests was 44% and ranged between 37 and 51% (Table 13), which is
similar or below values reported for willow in other studies (Tharakan et al. 2003; Schweier and Becker
2012; Krzyżaniak et al. 2014). The moisture content of the hand-harvested sites was higher by 2% with a
single outlier at 57% (Figure 36), but overall the coefficients of variation were low 5-6%.

30
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Mechanical

Frequency (%)
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10
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35

40
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50

55

60

Gravimetric Moisture Content (%)

Figure 36: Distribution of moisture content of 205 willow biomass samples that were mechanically
harvested using a single pass cut and chip harvester compared to 97 hand harvested samples collected
from yield trial plots

Although the statistical model for moisture was significant (P < 0.0001), the amount of variability
described was poor (r-square = 0.15), and improved when finer particle sizes were included as
covariates (r-square  0.3). Given that the plants had senesced, moisture content would only be
sufficient to maintain the cell structure, and coupled with the low variability (CV% between 5 and 6%)
there may be little else to explain observed differences outside of random variation. However, the
variability that was described by the model was more a function of cultivar than site (Table 14). Fish
Creek had moisture contents that were significantly 2-5% less than other cultivars.
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The ash content of wood is commonly lower and less variable than non-woody feedstocks, but
willow biomass crops tend to have higher ash content than other hardwoods, especially clean or
debarked chips, due to the higher bark:wood ratios (Chandrasekaran et al. 2012; Tao et al. 2012; Kenney
et al. 2013). However, willow chips commercially harvested using single pass cut and chip machinery
such as the system described in this paper do not touch the ground during harvesting. The New Holland
forage harvester used has on board systems that automatically control header height above the soil
surface to prevent the saw blades from cutting into the ground and picking up soil. Forestry residues
are often dragged or skidded to a landing which increases chances for soil contamination. Ash content
for willow in this study ranged between 0.8 and 3.5% with a mean of 2.3 for Auburn and 2.0 for
Groveland (Figure 37); coefficients of variation were approximately 27%. The ash content range at the
hand-harvested sites was 0.8 to 3.0% and an overall mean of 1.7%; additionally, they would 100%
compliant with the B1 ash standard. As with the mechanically harvested sites, Fish Creek and SV1 had
significantly lower ash at the hand harvested sites content compared to the SX cultivars (SX61, SX64, and
SX67) or the mixed loads. Although the coefficients of variation were similar between these harvests
and the Serapiglia et al. (Serapiglia et al. 2012) study, Tharakan et al. (2003) reported coefficients of
variation of 10% for ash content separately in the wood and bark of willow. Higher CVs in our wood chip
samples may be the result of random or incomplete mixing, or separation of bark and wood material so
that when a subsample is drawn the bark to wood ratio of the subsample may not be representative of
the whole stem.
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Figure 37: Distribution of ash content (dry basis) of 224 willow biomass samples that were mechanically
harvested with a single pass cut and chip harvester compared to 97 hand harvested samples collected
from yield trial plots
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As with moisture content, the statistical models poorly described variation in ash content at
both sites (r-squared  0.3) but the variation was also primarily captured by the cultivar main effect. As
mentioned previously, differences in ash content between cultivars could be driven by stem size, but
there was no overwhelming evidence that was a driving factor on these harvests. Plants may develop
different bark thicknesses based on site factors that influence moisture availability, but information on
bark allometry relative to site factors seems lacking in the literature. One possibility is that deciduous
plants may invest more resources to bark where they are under greater moisture stress (Schwilk et al.
2013). Bark has 4-12 times the ash content of wood in willow, and depending on stem sizes, and bark
content is approximately 10-25% of the biomass (Tharakan et al. 2003; Smart and Cameron 2012).
Moderate drought conditions were experienced in the 2012 growing season (U.S. Drought Monitor at
http://droughtmonitor.unl.edu), and willow at the Auburn site have the potential to be under greater
moisture stress in the late summer due to the shrink-swell clay content of the soils (Eisenbies et al.
2014). Extensive soil cracking was observed in the months preceding the harvest. These drier
conditions coupled with the smaller overall size of the plants could explain the half-percent difference in
ash content between the two sites. The overall r-square of the model was only 0.29, so there are many
factors outside of the ones tested affecting the variability of ash content.
Since this study did not track the chain of custody past short-term storage, characteristics of
these chips are analogous to those that would be delivered directly to an end user from the edge of the
field. However, there are numerous ways that further handling and storage of harvested chips could
result in contamination (ISO 2014a). Possible sources of contamination in transport could be road
debris that settles on uncovered loads, soil that is mixed with the chips if they are stored on the ground
for short term storage or soil that is incorporated with the chips when they are reloaded from short
term storage.
About 100 Mgwet of chips from the Groveland harvests (cultivars SV1 and S365) were delivered
to a research facility after 4 to 10 weeks of short-term storage on an unpaved loading deck as part of a
study examining changes in biomass characteristics during storage. The mean ash content of samples of
these delivered chips was 2.7%, 0.87% higher (P=0.0081) than the freshly harvested chips. Only 77% of
the samples from the delivered chips met the B1 standard compared to a 100% pass rate for the freshly
harvested chips. The coefficient of variation for the delivered and freshly harvested chips was similar at
about 29%. Dirt clods were observed in the delivered loads of willow biomass suggesting that the
contractors did not take enough care when reloading material from the loading pad were the chips were
stored. The moisture content of the delivered chips was also 5% higher than the freshly harvested chips
(P=0.0521). While the average increased was 5%, the maximum moisture content of the delivered chips
was less than 2% higher than the freshly harvested chips. There was no difference in energy content
between the delivered and freshly harvested chips (P=0.9445).
In the fall of 2013 other willow fields were harvested by a commercial operator in northern NY;
biomass was temporarily stored on the ground at the edge of the field and then delivered to a nearby
wood fired power plant. Samples of delivered willow chips were collected from 15 truck loads of willow.
This material has a mean ash content of 3.0% with a maximum of 4.5% and a CV% of 22%. The mean
moisture content of these samples was 43% with a range of 35 to 55% and a coefficient of variation of
12%. Some foliage remained on these willow plants at the time of harvest and may have contributed to
these differences. In both of these situations it appears that temporary storage and additional handling
of the material increased its ash content. Clearly the handling of chips is an important factor in
maintaining quality, particularly in consideration of their surface area, but the consistency of willow
chips within the supply chain is still apparent and the quality could be maintained, or possibly improved
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(Kofman and Spinelli 1997; Suadicani and Gamborg 1999; Brand et al. 2011), by defining and following
best practices for handling and storage. In order to understand the impact of temporary storage and
reloading future on chip quality future studies will need to establish a chain of custody protocol for the
material and track loads of chips through the various stages.
Particle size
Many methods exist for determining particle size distributions of wood chips, although none are
particularly satisfactory or robust when used alone (Savoie et al. 2013a, 2013b). This study used two
methods to improve the estimates for the particle size distribution determined from a Williams
classifier. The addition of 12 mm thick screens reduced spearing, but there was still considerable pass
through (Figure 38). Due to the cylindrical and semicylindrical shape of the material, a large percentage
of mass in the 19.1 to 31.8 mm size classes were shaken down multiple screens (Table 15). The
correction factors determined from 20 hand-sorted samples (Table 15) were applied to the weights in
each screen size to produce corrected chip size distributions (Figure 38). There were no significant
differences in the correction factors determined individually for the Fish Creek and SX cultivars (SX61,
SX64, and SX67) at the alpha = 0.05 level with the exception of the chips in the 6.35 - 12.7 mm and 12.7 19.1 mm size classes (P<0.04). However, the overall proportion of mass in these size classes was only
7%. Since the chips from the two cultivars tested represent vastly dissimilar chips, a single correction
factor for each size class was assigned uniformly to all samples in this study; however, cultivar specific
correction factors may be required if meeting the P16S requirements in the ISO 17225-4 standard had
been the target.

Table 15: Mass correction factors (to the nearest half percent) for retained chips on screens using
modified Williams Classifier
Screen size (mm)
Actual chip size (mm)
> 31.8
25.4 - 31.8 19.1 - 25.4 12.7 - 19.1
6.35 - 12.7
< 6.35
--------------------------------- Mass of retained sample (%) --------------------------------31.8
100.0
25.4
63.0
37.0
19.1
52.5
42.5
5.0
12.7
27.0
45.0
19.0
9.0
6.35
1.5
5.5
15.0
40.0
38.0
Tray
0
0
0
0
0
100
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Figure 38: Uncorrected and corrected particle size distribution of willow biomass chips from large scale
harvests using a single pass cut and chip system. Grey bars (mean + SD) indicate the percent, or
corrected percent, of total mass retained by the screen. Lines indicate the percent of total mass passing
the through overlying screens in the Williams classifier and caught by the tray

Qualitatively, the feedstock material produced during the Groveland and Auburn harvest
operations were of an acceptable quality for end-users including both wood fired power plants and a
biorefinery partner. The chips had a consistent size with virtually no stringers compared to harvesting
machines tested previously. The forage harvester tested moves material through the coppice header to
a shear bar where a rotating drum produces chips and discharges them through the spout. It is capable
of producing chips of different sizes on the fly by adjusting the feedroll speed (higher speed results in a
longer cut). With additional labor, the cutter drums with different types and numbers of knives can be
exchanged to permit larger or smaller sizes to be generated. In this study, the harvester used a 2x8
cutter drum with eight pairs of standard grass knives in a chevron pattern, which allows chip sizes from
6 to 33mm to be selected by adjusting the feed roll speed. Knives are sharpened on board using an
automated processed that is operator initiated. Sharpening may occur several times a day, but once a
day is common, and it takes about 15 minutes to complete. Settings to produce the largest chip size
were chosen to maximize fuel economy, minimize fines, and allow for increased ground speeds. Cutter
drums with 2x12 and 2x16 patterns are also available for this platform which would reduce the chip size
range to 3 to 22 or 2 to 17 mm respectively, but potentially at the cost of reduced harvester throughput,
and an increase in the amount of fines.
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In the published ISO standards for graded wood chips, a tabled titled "Particle size of graded
chips" defines five criteria (main fraction, fine fraction, course fraction, max length, and max cross
section) for their size and distribution of three classes of wood chips: P16S, P31S, and P45S (ISO 2014b).
Chips produced during these harvests using the harvester platform configured for the maximum chip
size setting were nearly 100% compliant with the ISO P45S standard (Table 16). We recorded a small
percentage of failures (4%) on the fines criterion (<10%); however, these loads satisfied the ISO P16S
standard for fines (<15%) using our 6.35-mm screen, and would likely have been in compliance had a
3.15-mm screen been available when the particle size distribution analysis was conducted. 21% of the
loads met the ISO P31S standard, which were actually exclusively from Groveland and the majority of
those loads were collected from the Fish Creek and SV1 cultivars.
Without considering harvester maintenance factors (the machine was in good working order),
site and cultivar factors did influence the distribution of chips sizes. Loads produced in freezing weather
(average temperature below freezing for 10 hours preceding the commencement of an individual load)
had 4% more chips over 25.4 mm (P < 0.0119), and those produced at higher ground speeds resulted in
a 2.2% increase (> 25.4 mm) for every 1-kph increase in field speed (P < 0.0001). There were significant
differences of the percent fines among sites (P < 0.0001) and cultivars (P = 0.0483) but in all cases the
proportion of fines was low. There were no significant relationships between standing biomass (Mg ha1
; P = 0.4874) or material capacity (Mg hr-1; P=0.1970) and compliance of loads with the fine particles
standard (ISO's second criterion) based on a 6.35 mm sieve. There was a positive correlation between
the consecutive order of the loads and the percent fines (< 6.35 mm; P < 0.0001); thus, as the process
went along, fines increased. The Groveland site was harvested after the Auburn; blade maintenance
might be a concern, but colder temperatures also produce more fines as the wood tends to shatter;
however, in these particular harvests winds were higher on the coldest days and there was a lot of
airborne fines that did not adhere to larger chips and may not have been delivered into the collection
vehicles.
Had the correction factor not been applied, over 90% of the samples would have passed the ISO
P31S standard with the likely exception of the 5th criterion which sets a maximum cross section of 4
cm2. Half the samples from Groveland would have made the majority of the criterion for ISO P16S as
well. The criterion establishing a max length and max cross sectional area appear to serve as an
adequate safeguard against poor sieving methodology, assuming the supplier is making an effort to
correctly grade the chips.
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Table 16: Summary of compliance of willow biomass chips generated at Auburn or Groveland with the three ISO 17225-4 particle size standards.
Criterion are defined as (1) main fraction, (2) fine fraction (3) coarse fraction, (4) maximum length, and (5) maximum cross-sectional area in the
tabled titled "Particle size of graded chips" in the ISO Standard (ISO 2014b)
Cultivar

n

Percent of loads meeting each ISO criterion for particle size of graded wood chips
----------------------------------------------------------------- Criterion --------------------------------------------------------------------------------------------- P31S* ------------------------------------------------------- P45S --------------------------1
2#
3
4
5
1
2#
3
4
5
Overall
122
21
96
100 100
0
100
96
100 100 100
(14-29)
(92-99)
(92-99)
----------------------------------------------------------------------------------------------------- By Site -----------------------------------------------------------------------Auburn
71
1
100
100 100
0
100
100
100 100 100
(0-6)
Groveland
51
49
90
100 100
0
100
90
100 100 100
(35-63)
(82-98)
(82-98)
-------------------------------------------------------------------------------------------- By Cultivar ----------------------------------------------------------Mixed
58
22
96@
100 100
0
100
96@
100 100 100
(12-33)
(91-100)
(91-100)
SX61, SX64, and
30
0
100
100 100
0
100
100
100 100 100
S67
(S. miyabeana)
SV1
22
54
91@
100 100
0
100
91@
100 100 100
(S. dasyclados)
(34-75)
(79-100)
(79-100)
Fish Creek
12
92@
100
100 100
0
100
100
100 100 100
(S. purpurea)
(24-100)
*This standard is probably achievable in-field with minor adjustments to the harvester blade settings but it may have an impact on harvester
throughput (Facello et al. 2013).
#
These likely meet the 3.15-mm fine fraction standard, but the minimum screen size available for this project was 6.35 mm.
@
Not significantly different from 100% compliance
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Implications
Standards define boundaries for various feedstock characteristics; however, there seems to be
little discussion about acceptable failure rates given the observed variability. Information is lacking on
the consequences of failed tests for ash when delivered to an end user. What percentage of loads must
fail before chips from a supplier have to undergo greater scrutiny or are rejected altogether? Quality
assurance protocols are not prescribed in the ISO documentation specifically; however, suppliers can
establish quality assurance/quality control procedures based on customer needs, and accreditation
processes exist for certain biomass supplies (Biomass Energy Centre 2011; Tallaksen 2011).
Granted, determining standard compliance is incumbent on the supplier, the issues raised by
Kenney et al (2013) are not resolved given feedstocks that are predominantly satisfactory, but may
occasionally fail due to site, cultivar, or other factors that may be in large part out of the supplier's
control. Suppliers will likely have to rely on developing technologies such as near infrared spectroscopy
and sampling strategies (Nkansah and Dawson-Andoh 2010; Sheng et al. 2012; Sluiter and Wolfrum
2013), so that biomass can be graded for key parameters such as ash, moisture, and fines as it is
produced.
Strategies for mitigating or preventing loads that fail standards should be developed. Loads
could be mixed, but each handling step tends to increase fines and incur costs. Cultivars that could be
identified as having low ash, such as Fish Creek or SV1 might be showing in this study and in the pristine
samples (Serapiglia et al. 2012), could be interplanted essentially creating mixed or blended feedstocks
at the point of production. However, there is little research concerning how competition between
North American cultivars would affect production of mixed willow plantings (McCracken and Dawson
2003; McCracken et al. 2011) or how harvesting operations would be impacted by the variation in stem
size and form that would be present in the field. Depending on the degree of homogeneity required,
blending of cultivars could be achieved by mixing at short term storage sites of by planting relatively
small blocks of cultivars and including more than one cultivar in each load of harvested material.
Willow has a low degree of variability compared to herbaceous feedstocks which may lend it to
being used as one component of biomass supply made up of multiple feedstocks. Willow biomass and
other SRWC are already a small component of the woody biomass sector; linking the supply chain for
these SRWC with other forest based biomass would create opportunities for mixing or blending, and
help decreases logistics costs (Hess et al. 2009; Wang et al. 2013; Wolfsmayr and Rauch 2014). Various
pretreatments are also available to chips after they're harvested. Cleaning loads of ultra-fine material (<
0.2mm) will lower ash content and improve the feedstock quality (Jacob et al. 2013). Processes such as
hot water extraction can serve as a pretreatment. The extracted chip byproduct has reduced ash and
been shown to be advantaged for pulping, wood pellets, and reconstituted wood products, but it
accepts wet feedstocks, and the byproducts are a uniform low-ash feedstock and an marketable
aqueous solution containing easily fermentable sugars (ASABE et al. 2008).
This study only tracks chips from harvest in the field to delivery to short term storage.
Temporary storage and additional handling to deliver the biomass to an end user increases the risk for
contamination or degradation of quality, but also may provide opportunities to improve quality.
Minimizing handling is one important factor, each time chips are handled, the potential for
contamination exists or fines are increased. In supply chains that include temporary storage, soil
contamination is a concern if biomass is stored on the ground or transferred by vehicles used for other
purposes. Storage however, could be viewed as an opportunity to improve the product, particularly
71

with regards to moisture content through various management practices (Garstang et al. 2002; Brand et
al. 2011)
Material Quality Summary
Ash and moisture were the primary quality issues associated with the biomass generated from a
commercial scale harvest in Auburn and Groveland NY. The amount of variation in these characteristics
was small relative to data that has been reported for large scale harvests of herbaceous crops and
agriculture residues. The biomass was generally compliant with the ISO standard for B1 wood chips
(<3%); however 18% of the loads from Auburn were over the 3% threshold for ash content by halfpercent or less. Results indicate ash content is significantly affected by site and cultivar main effects.
Samples obtained from the Groveland harvest, were fully compliant with the ISO B1 standard for ash.
Ash content could be managed in the future by selecting low ash cultivars, or identifying high-ash
producing sites and interplanting low-ash cultivars to create blended loads at harvest. Certain cultivars
(e.g. Fish Creek) were 100% compliant with the ISO B1 standards for ash content regardless of their
source.
The harvester set at its largest chip size produced material that easily met the ISO P45S particle
size standard. The P31S and P16S standard is probably achievable with different settings and setups
within the harvester, but it may come at a cost of harvester throughput and harvesting costs.
Qualitatively the material generated was very consistent with regards to size, and there were no
incidences of oversized material which had been a concern while testing other harvesting platforms.
This work highlights several needs for future research. Because of site factors, an experiment
where hand harvesting precedes a commercial harvest should take place so that the changes in chip
quality due to the mechanical harvester and collection system can be accessed. Data acquisition for
time motion work needs to improve. Specifically, methods for determining material capacity, and
evaluating chip quality as biomass is produced would permit precise linkages between site and stand
factors on the ground to the production and quality of SRWC biomass feedstocks. Additionally, precise
tracking of the chain of custody, and a rapid means to grade chips, is required to evaluate changes in
quality, or sources of contamination, as biomass is transported, stored, and delivered to end users.
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Harvest Residues
A certain amount of residual standing biomass remains on site after harvesting willow biomass
crops with a New Holland harvester. Visually, these stem material "drops" can be significant,
particularly near the edge of the field where goosenecking of the willow plants is more severe and the
harvester operator is still adjusting for ground conditions and vehicle positioning (Figure 39). In the
Auburn and Groveland, NY sites, where headlands were seriously constrained, the material left behind
at the ends of the rows was considerably larger than usual because it was difficult for the harvester to
enter each row at the correct angle. Dropped materials were collected at the Auburn site in 34 plots
(2.29 x 6.10 m) centered on a double row in two cultivars - Fish Creek and SV1. A stem was considered
"in" the plot if the cut end was within the boundaries of the plot, and the entire piece was taken
regardless of the location of the rest of the stem relative to the plot. Stems that fell inside the plot, but
the cut end was outside, were discarded. Previous components on the ground including (i.e. leaves and
decomposed material), and chipped wood spilled from collection vehicles or from the spout were not
collected as it was generally trivial (<1%). Materials were placed in four categories: uncut, cut, drag, and
shakes: (1) uncut - stems that remained attached to a stool; (2) cut -, stems that were cut by the header,
but did not feed into the harvester; (3) drag - clusters of cut stems (oriented the same direction with cut
ends in almost the same location) that were deposited by the header after being collected and dragged
some unknown distance; and (4) shakes - detached, unmerchantable, stem tips that were less than 2.5
mm in diameter and usually less than 10 cm long that were probably dislodged during the violent
shaking as stems entered the header.

Figure 39: An example of the types of residues that are left behind after harvesting willow biomass
crops with a New Holland harvester.
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There were significant cultivar (P = 0.0245), drop category (P < 0.0001), and cultivar by drop
category (P = 0.0054) interactions in actual mass of drops (Figure 40). At Auburn, Fish Creek rows had
an estimated 25.5 Mgdry ha-1 of standing biomass while the SV1 rows had an estimated 19 Mgdry ha-1.
The total biomass of drops was 2.1 Mgdry ha-1 for Fish Creek and 1.5 Mgdry ha-1 for SV1. The rate of drops
calculated against the overall standing biomass implies the overall drop rate for Auburn was around 9%;
however, standing biomass at Auburn for the range of cultivars was from 11.1 to 33.8 Mgdry ha-1 and
given the difficulty and time needed to collect this data a fully representative sample of drops was not
collected. It was possible to track several Fish Creek loads were tracked from the field to delivery and
for those specific loads the drop rate was closer to 6%. Fish Creek stands had a significantly higher
amount of total drops and merchantable drops than SV1 cultivars (Table 17); however, the relative
difference between the cultivars is similar to the difference in standing biomass. Unmerchantable
shakes account for an average of 44% (standard error 2.6%) of the total amount of biomass left by the
harvester, and ranged between 15 and 88% at individual plots (Figure 40). The harvester operator has
frequently stated a preference for working in Fish Creek stands in the past due to the ease of
operations. However, Fish Creek stands had almost three times the amount of cut stems that were not
fed into the harvester. A possible explanation is that the straightness of Fish Creek stems prevents them
from becoming intertwined with other stems as they are gathered by the header and conveyed to the
throat of the harvester.
Although we feel we have quantified the amount of left material for general purposes,
adequately measuring and evaluating drops requires significant effort. In order to better understand
these dynamics and their effect on system efficiency and economics, the effect of specific cultivar and
stem form characteristics on drop rates will require improved precision in time-motion methodology in
future work.
Table 17: Comparison of dropped material from two cultivars harvested at Auburn, NY between
November and December 2012. Letters indicate significant differences within row only at the alpha =
0.05 level.
Fish Creek
SV1
Mgdry ha-1
Total Drops
2.1 A
1.5 B
Merchantable Drops
1.3 A
0.79 B
Shakes
0.80 A
0.66 A
Percent
Merchantable Drops
60
A
49
B
Shakes
40
B
51
A
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Fish Creek
SV-1

Drops (Mgdry ha-1)

1.2
A

1.0

A
0.8

A

0.6
B B

0.4
0.2

B

B

B

0.0
Uncut (b)

Cut (a)

Drag (b)

Shake (a)

Drop Category
Figure 40: The amount of material left behind after harvesting willow biomass crops with a New Holland
forage harvester in Auburn, NY in December 2012. (1) Uncut stems are ones that remained attached to a
stool; (2) cut stems were cut by the header, but did not feed into the harvester; (3) drags were clusters
of cut stems (oriented the same direction with cut ends in almost the same location) that were
deposited by the header after being collected and dragged some unknown distance (4) shakes include
detached, unmerchantable, stem tips that were less than 2.5 mm.
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Overview of Stool Damage
High speeds and low soil strength can create situations where the forward speed of the vehicle
"outruns" the saw blades on the coppice header. In these cases stools can be lifted from the soil and
damaged. In other situations, the type of saw used can have an impact on the quality surface of the
stool material that is left behind. As was noted above, several different types of blades were tried
during this project to improve harvester performance and reduce the costs and down time associated
with this harvesting system.
Cut quality was assessed on hand-cut (brush saw) and harvester-cut stems at a cultivar trial
located in Belleville, NY in February and March 2011 (Figure 41). Harvest conditions on the day of
harvester operations were good. Each stem of 10 stools was evaluated in four replicated plots of 18
cultivar types. Five levels of vertical splitting were assigned: S1 (no damage), S2 (1-2 splits per stem), S3
(3-4 splits per stem), S4 (5-6 splits per stem), and S5 (Shattered). Five levels of tearing of the bark on the
remaining stool were also assessed: T1 (No tearing around circumference of stem), T2 (0-10% tearing
around circumference of stem), T3 (10-25% tearing around circumference of stem), T4 (25-50% tearing
around circumference of stem), and T5 (>50% tearing around circumference of stem).

Figure 41: (left) A harvester-cut row of willow flanked by a hand-cut row on the left, and another
harvester-cut row on the right. The harvester resulted in more apparent damage to the willow stems,
but had no apparent impact on regrowth. (right) Close up of sample of stem/stool damage including
vertical splits, and bark tears around perimeter.

Significant differences were found between hand-cut and machine cut stems in all categories
(Table 18). On hand cut sites, there was no splitting damage on 96% of stems, and no tearing damage
on 58%. Splitting and tearing was more prevalent on machine harvested plots but still had 69% of stems
with no splitting, but only 20% without tearing. We visited the site in the summer of 2013 and regrowth
on both the hand harvested and machine harvested rows was very good and there did not appear to be
any differences in regrowth between the harvested rows and the brush saw cut rows. The fact that
there were not distinct differences between the hand cut and harvester cut rows is a very positive
development and indicates that the harvester is cutting stems with little damage to the resprouting
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capacity of stools, which allows for vigorous regrowth the following year. While differences in the
degree of damage can be measured, it appears that there was little impact on regrowth for the degree
of damage that occurred from the harvester in this trial. Unfortunately the large scale sites at Auburn
and Groveland, NY were not being maintained by the landowners after harvesting was completed
because the intended market for this material had not developed (the intended market was a biomass
boiler at a nearby salt mine, but with the drop in natural gas prices the fuel for this system shifted from
biomass to natural gas). As a result the opportunity to assess these impacts on larger scale fields was
not possible. This is an area that deserves attention in the future because the quality of the cut can vary
when harvesting due to type and condition of the equipment used.

Table 18: Levels of damage in the form of splitting and tearing assessed for willow cut with a New
Holland harvester and hand-cut with brush saws.
Stem Splits
0 splits
1-2 splits
3-4 splits
5-6 splits
Shattered
stems/ha
FR-9060
23505
9482
496
693
103
Brush saw
34483
1436
101
33
22
percent
FR-9060
69
28
1
2
0
Brush saw
96
4
0
0
0
Stem Tears around Circumference
None
0-10%
10-25%
25-50%
> 50%
stems/ha
FR-9060
6837
2945
9113
10869
4527
Brush saw
21002
5399
4400
3917
1234
percent
FR-9060
20
9
27
32
13
Brush saw
58
15
12
11
3
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Establishment and Response of Dedicated Hybrid poplar Plantations to SRWC Harvesting
Hybrid poplar Establishment, Crop Care and Performance
In order to support the testing and refinement of the biomass harvesting system in hybrid
poplar, a total of 104 acres of hybrid poplar bioenergy plantings were established during the winter and
spring of 2010. Table 19 describes the location and design of the plantings.

Table 19. Location and description of GreenWood Resources 2010 Hybrid poplar Bioenergy Plantings
in the Pacific Northwest
Location
Description
Acres Climate/Soils
Design
Boardman, OR, Intercropped 40
12" or less annual
50% of acreage for energy
Boardman
energy
precipitation, semi-arid
crop, 50% for solid wood crop
Tree Farm,
planting
desert, loamy fine sand Four clones
Block 201-4
soil, irrigation
Two Harvest Seasons
necessary,
Active growing season
temperatures average
Dormant season
35° F winter and 90° F
Plantation Energy Crop Spacing
summer
989 trees per acre (20'x4')
1,089 trees per acre (20'x2')
Solid Wood Crop Spacing
218 trees per acre (20'x10')
Boardman, OR,
Boardman
Tree Farm,
Block 201-2

Dedicated
energy
planting

40

12" or less annual
precipitation, semi-arid
desert, loamy fine sand
soil, irrigation
necessary,
temperatures average
35° F winter and 90° F
summer

100% of acreage for energy
crop
Four clones
Two Harvest Seasons
Active growing season
Dormant season
Plantation Energy Crop Spacing
1,089 trees per acre (10'x4')
2,178 trees per acre (10'x2')

Clatskanie, OR,
Lower
Columbia Tree
Farm, Field
02710

Dedicated
energy
planting

24

55" or more annual
rainfall, maritime
influence, fertile silt
loam soils, not
irrigated, temperatures
average 45° F winter,
and 80° F summer

100% of acreage for energy crop
Four clones
Two Harvest Seasons
Active growing season
Dormant season
Plantation Energy Crop Spacing
1,452 trees per acre (10'x3')
2,178 trees per acre (10'x2')
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Boardman Trial Establishment
Both blocks 201-2 and 201-4 were harvested in early 2009, removing a 13-year-old sawlog stand
that had been thinned at age four to a 10' by 11.5' spacing (390 trees per acre). Harvest residue and
stumps were mulched, using an FAE forestry-mulcher powered by a 300-HP Massey Ferguson tractor in
mid-summer 2009.
Vegetation was controlled during the remainder of the 2009 season with the application of a
glyphosate/2,4-D herbicide application broadcast over the site.
Mulching of the new planting rows, between the stump rows of the former crop, took place in
March 2010. Irrigation laterals were placed down the rows in early April 2011. A second round of
glyphosate/2,4-D herbicide was applied prior to planting. Irrigation systems were flushed, tested, and
allowed to run for 24 hours prior to planting to ensure moist soil conditions for crop establishment.
A total of 96,000 unrooted 9" cuttings representing the four clones were planted from May 1st
through May 5th, 2010, according to the trial designs for the intercropped and dedicated portions of the
site.
First-year crop care consisted of mowing two times between the bioenergy rows. Spot
treatments using glyphosate applied through shielded nozzles and backpacks were needed to control
stump sprouts of the previous sawlog crop. Some hand removal of sprouts also took place in late July
and August. Late winter mowing and manual removal of Russian thistle (Salsola spp.) was needed on
the west end of block 201-2, where it had blown in from adjacent untended land.
Clatskanie Trial Establishment
Field 02710, the site selected for the trial establishment at the Lower Columbia Tree Farm, is
located within a converted floodplain along the Columbia River, protected from tidal inundation and
river flooding by drainage ditches, canals, and a pump system.
Recent land use had been several rotations of hybrid poplar grown for fiber production to
supply local area pulp facilities. Prior to the 1980’s, land was used for variety of low intensity
agricultural uses including hay and pasture for livestock and limited row cropping.
Site elevation ranges from near sea level to 6 feet above; topography is flat and is roughly
rectangular in shape. Drainage ditches and sloughs surround all four sides of the parcel with access in
the southwest corner via all-weather entrance and staging area. There is one internal drainage ditch
that partially bisects the field and trial location. Soils are very fertile with a >15% organic content and a
sand or peat base. Standing water is common in winter months and water tables are accessible to root
systems all year long. Climate is mild and maritime, with annual precipitation of 55 inches and seasonal
high temperatures from 40 to 80 degrees Fahrenheit.
In the spring of 2009, a ten-year old hybrid polar stand (600 trees per acre) was harvested from
the site for wood chip production. Harvest conditions included wet to saturated soils and areas of
blown down timber within the field. Localized areas within the site and skidding roads were highly
impacted by the harvest activities with significant amounts of non-merchantable wood debris remaining
in the field.
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Field restoration was accomplished by using a small dozer with a construction disk. Several
passes between the previous rotation’s stump rows were required to pile harvest debris and to cultivate
and smooth the planting rows. Piled woody debris was burned in the fall of 2009. Broadcast herbicide
was applied in the fall of 2009, and again prior to planting in 2010.
Hand planting took place in March of 2010 according to the study design and used 41,000 12inch dormant cuttings. Cuttings were planted between the stump rows of the prior rotation.
Table 20 depicts the performance of the three sites at the end of the first growing season in
2010. Across all three sites, survival at the end of the first growing season averaged 90% with a range by
clone from 97.5% to 78.0%. Average age-one height, stem count, and survival are also shown.

Table 20. Age-one growth, survival, and damage summary from three GreenWood Resources bioenergy
plantings.
Location
Field
Planting type
Average
Stem Count
Damage
Survival
Height (m) (stems per stool)
Boardman
Boardman

201-4
201-2

Intercropped
Dedicated

2.3
2.3

1.11
1.12

0%
16%

97.0%
97.5%

Clatskanie

02750

Dedicated

0.8

1.13

62%

78.0%

Both the dedicated and intercropped plantings in Boardman averaged 2.3 meters in height, had
very high survival rates (97.0% or higher), and averaged 11.5% of the trees with more than one sprout.
The dedicated planting showed deer mouse damage of the stem near ground level on 16% of the total
number of trees. Interestingly, the damage was almost entirely confined to one clone (12805), in one of
two blocks, where tumbleweeds had blown into the tree rows, providing the deer mice with shelter and
cover from predators. The damaged block was in the dormant season harvest portion of the planting
and did not impact the active season harvest test in August. The trees grew normally and very little
actual mortality was observed within the damaged planting the following spring.
The Clatskanie planting averaged only 0.8 m tall, due primarily to higher than anticipated deer
browse of the one-year-old trees. Multiple stems were tallied on 13% of the trees. Clonal preference in
deer browse led to very high deer browse percentages and mortality in two of four clones. Overall
survival, as shown above, was 78%, however per clone survival figures ranged from 63% to 90%. As a
result of the deer browse and variable survival, the August 2011 active season harvest was postponed.
The two most heavily impacted clones, 1428 and 6198, were interplanted the following spring with a
total of about 6,500 cuttings.
Pre-harvest evaluation of the Boardman active season portion of the plantings took place July
25 through 28th, 2011 with the establishment, measurement, and sampling of 48 plots, representing
three replicated plots in each combination of clone, planting density, and cropping scenario.
Measurements included tree diameter, height, and stem count, plus total fresh weight of stems,
branches and leaves. Subsamples of stems and branches plus leaves were taken for dry weight
determination. Biomass components were developed on a fresh and dry weight basis then applied to
th
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the total plot weights to estimate per acre fresh and dry biomass. Tables 21, 22 and 23 summarize the
results for total green weight and biomass components, total dry weight and biomass components, and
total and biomass component moisture contents, respectively. Note that yields from these plots
represent non-coppice growth of trees approximately 1.5 years of age. Sampling would not normally
take place at this stage, but was done to accommodate the timeframe of the grant funding. Greater
biomass yields are anticipated after the material is coppiced.

Table 21. Total Green Weight and Weight of Green Biomass Components of Hybrid poplar, Active
Growing Season First Non-Coppice Harvest, Boardman Tree Farm Blocks 201-2 and 201-4.

Percent
Wood of
Green
Biomass

Bark
Green
Biomass
(tons per
acre)

Percent
Bark of
Green
Biomass

Branches
and
Leaves
Green
Biomass
(tons per
acre)

3.42
2.71

37.0%
32.3%

1.35
0.96

14.7%
11.5%

4.47
4.71

48.4%
56.2%

1.98
1.43

35.0%
30.6%

0.76
0.47

13.5%
10.0%

2.92
2.78

51.6%
59.5%

Cropping
Scenario

Planting
Density
(trees
per acre)

Total
Green
Biomass
(tons per
acre)

Wood
Green
Biomass
(tons per
acre)

Dedicated
Dedicated

2178
1089

9.24
8.38

Intercropped
Intercropped
Overall
Average

1089
545

5.67
4.68

33.7%

12.4%

Percent
Branches
and
Leaves of
Green
Biomass

53.9%

Table 22. Total Dry Weight and Weight of Dry Biomass Components of Hybrid poplar, Active Growing
Season First Non-Coppice Harvest, Boardman Tree Farm Blocks 201-2 and 201-4.
Percent
Bark of
Dry
Biomass

Branches
and
Leaves Dry
Biomass
(tons per
acre)

Percent
Branches
and
Leaves of
Dry
Biomass

Cropping
Scenario

Planting
Density
(trees
per acre)

Total Dry
Biomass
(tons per
acre)

Wood
Dry
Biomass
(tons per
acre)

Dedicated
Dedicated

2178
1089

3.46
3.35

1.44
1.21

41.5%
36.3%

0.38
0.27

11.1%
8.1%

1.64
1.86

47.4%
55.6%

Intercropped
Intercropped
Overall
Average

1089
545

2.13
1.84

0.80
0.61

37.7%
33.2%

0.21
0.13

9.7%
6.9%

1.12
1.10

52.6%
59.9%

Percent
Wood of
Dry
Biomass

Bark Dry
Biomass
(tons per
acre)

37.2%

81

9.0%

53.9%

Table 23. Moisture Percentage of Total Biomass and Biomass Components of Hybrid poplar, Active
Growing Season First Non-Coppice Harvest, Boardman Tree Farm, Blocks 201-2 and 201-4.
Planting
Total
Density
Biomass
Wood
Branches and
Cropping
(trees per
Percent
Percent
Bark Percent
Leaves Percent
Scenario
acre)
Moisture
Moisture
Moisture
Moisture
Dedicated
Dedicated

2178
1089

62.5%
60.1%

57.9%
55.2%

71.6%
71.8%

63.3%
60.5%

Intercropped
Intercropped
Overall
Average

1089
545

62.4%
60.7%

59.4%
57.4%

72.9%
72.7%

61.7%
60.4%

61.4%

57.5%

72.3%

61.5%

Not surprisingly, total biomass, wet or dry was highest at the highest planting density, and
decreased moving to the lower planting density, in both cropping scenarios. Interestingly, comparing
the two planting densities in each cropping scenario, the 50% lower planting density did not result in a
50% biomass reduction. Rather, the lower planting density in the dedicated cropping scenario was 89%
of the total dry biomass of high density. In the intercropped planting scenario, low density planting was
nearly 83% of the biomass of the high density. In both comparisons, the lower planting density had
lower actual percent wood, lower percent bark, and increased percentage of branches and leaves when
looking at the components of the biomass.
The first active growing season harvest using the New Holland harvester took place August 10th
through 12th, 2011, at the Boardman Tree Farm. A time motion study of the harvest was conducted by
SUNY with assistance from Greenwood Resources. The study evaluated the rate of harvest (output) and
the turning times at headlands, and it compared three systems of off-loading biomass output from the
harvester including a wagon pulled by a tractor, a 10 wheeled vehicle, and an 18 wheel vehicle (Figures
42 and 43). The tractor and wagon system was functional, but the time required for the tractor to travel
the two miles to unload was prohibitive. The 10 wheeled truck worked well but there is the potential
for damage to the tires if the vehicle is driven over cut stools at the end of the rows. This issue can be
resolved as experience in the crop is gained and care is used when entering and exiting the blocks. The
18 wheel truck worked well but there were challenges getting it into and out of the field without driving
over the stools, which increases the potential for damage to tires. The feasibility of using a biomass
collection vehicle trailing behind the harvester as it moved down the rows between intercropped hybrid
poplars was successfully demonstrated. This is an important configuration because blowing chips
through the saw log crop trees would cause damage.
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Figure 42. Harvesting the dedicated hybrid poplar energy crop plots and blowing material into a wagon
pulled by a tractor (left) and into a truck running behind the harvester in the intercropped bioenergy
crop (right).

Figure 43: Harvesting dedicated hybrid poplar energy crops and blowing them into a 10 wheel (left) or
18 wheel truck (right).

Data recorded on the speed of operation for the harvester (in stands of 1.5 year old trees)
indicated that there were no statistical differences between the high (4.0 mph or 4.9 acre hr-1) and low
density (4.3 mph or 5.2 acre hr-1) dedicated bioenergy crop (Table 24). The ground speed in the
intercropped bioenergy crop was slightly lower, but it was not statistically different from the dedicated
bioenergy crop. The slightly slower speeds (3.4 mph) in the intercropped plots were due to slightly
higher stumps left from the previous crop in the field and the fact that material from the harvester had
to be blown directly into a truck behind the harvester, which required tight coordination between the
harvester and truck operators. Since the spacing of the bioenergy crop in the intercropped design is at
20 ft row intervals, the per-acre speed was much higher (8.2 acre hr-1). Combining these data with the
field data that was collected before the harvesting trial show that the production of the harvester was
similar across the different plots ranging from 41.0 – 48.0 green tons hour-1. These data are ground
speeds for the operation of the harvester in the crop and does not include turnaround time at the end
of the row or down time due to delays with the collection equipment. These factors will be analyzed at a
later date using data collected in the field and GPS data collected during the trial.
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Table 24: Harvester speeds and production in dedicated and intercropped hybrid poplar during growing
season trials in Boardman, OR in August 2011. These rates are based on productive harvester time and
do not include down time due to operational or mechanical problems.
Speed (mph)
Speed (acres/hr)
Harvester
Production
(green tons/hr)
Range
Average StdDev
Range
Average StdDev
Low density
2.9 – 4.9 4.0
0.61
3.5 – 5.9
4.9
0.73
41.0
dedicated
energy Crop
(Block 201-2)
High density
2.4 – 4.8 4.3
5.2
3.0 – 5.8
5.2
0.6
48.0
dedicated
energy Crop
(Block 201-2)
High density
2.4 – 4.6 3.4
0.71
5.8 – 11.1 8.2
1.71
46.5
intercropped
energy crop
(Block 201-4)

After harvest, scoring of the stump cut quality was done in early September, making a direct
comparison of the sample plots cut with a chain saw versus the cuts made by the CNH bioharvester.
Scoring looked at bark splits, stem splits, and combinations of both. One hundred and twenty-eight
stumps were scored in each harvest method. Figure 44 shows the count of stems in each category by
harvest method. Even though the graph indicates poorer cut quality with the CNH Harvester, six weeks
after cutting 100% of the stumps resprouted very vigorously (Figure 45). Hybrid poplar appears resilient
enough to tolerate harvesting with the CNH bioharvester head with no impact on the ability to resprout.
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Figure 44: Count of stumps in four categories of cut quality, comparing cuts made with a chainsaw
versus the harvesting machine.

Figure 45: Vigorous resprouting is evident 6 weeks after harvest. Larger sprouts in the foreground of
the photo are from the chainsaw harvested plot, cut 10 days earlier.

The Boardman Tree Farm dormant season pre-harvest sampling took place in late November
and early December of 2011, using the same plot structure and sampling design as the active harvest,
described above. The results are shown in Tables 25 through 27.
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Table 25. Total Green Weight and Weight of Green Biomass Components of Hybrid poplar, Dormant Season Age 2 Non-Coppice Harvest,
Boardman Tree Farm Blocks 201-2 and 201-4.
Planting
Total Green
Wood Green
Percent
Bark Green
Percent
Percent
Density
Biomass
Biomass
Wood of
Biomass
Bark of
Branches
Branches of
Cropping
(trees per
(tons per
(tons per
Green
(tons per
Green
Green Biomass
Green
Scenario
acre)
acre)
acre)
Biomass
acre)
Biomass
(tons per acre)
Biomass
Dedicated
Dedicated

2178
1089

6.77
5.30

3.33
2.92

49.2%
55.0%

1.06
0.72

15.7%
13.5%

2.37
1.14

35.0%
21.6%

Intercropped
Intercropped
Overall
Average

1089
545

8.16
7.84

3.86
3.96

47.3%
50.5%

1.27
1.14

15.6%
14.5%

3.03
2.74

37.1%
35.0%

50.5%

14.9%

34.7%

Table 26. Total Dry Weight and Weight of Dry Biomass Components of Hybrid poplar, Dormant Season Age 2 Non-Coppice Harvest, Boardman
Tree Farm Blocks 201-2 and 201-4.
Planting
Total Dry
Wood Dry
Bark Dry
Density
Biomass
Biomass
Percent
Biomass
Percent
Branches Dry
Percent
Cropping
(trees per
(tons per
(tons per
Wood of Dry
(tons per
Bark of Dry Biomass (tons
Branches of
Scenario
acre)
acre)
acre)
Biomass
acre)
Biomass
per acre)
Dry Biomass
Dedicated
Dedicated

2178
1089

3.83
2.92

1.91
1.65

49.9%
56.5%

0.48
0.32

12.5%
11.0%

1.44
0.96

37.6%
32.9%

Intercropped
Intercropped
Overall
Average

1089
545

4.59
4.20

2.11
2.02

46.0%
48.1%

0.57
0.51

12.4%
12.1%

1.91
1.67

41.6%
39.8%

50.1%
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12.0%

38.0%

Table 27. Moisture Percentage of Total Biomass and Biomass Components of Hybrid poplar, Dormant
Season Age 2 Non-Coppice Harvest, Boardman Tree Farm. Blocks 201-2 and 201-4.
Cropping
Scenario

Planting
Density (trees
per acre)

Total Biomass
Percent
Moisture

Wood
Percent
Moisture

Bark Percent
Moisture

Branches
Percent
Moisture

Dedicated
Dedicated

2178
1089

43.4%
44.8%

43.3%
43.3%

54.6%
53.7%

38.3%
41.0%

Intercropped
Intercropped
Overall
Average

1089
545

43.7%
46.5%

45.8%
48.5%

55.5%
54.3%

36.5%
38.6%

44.6%

45.2%

54.5%

38.6%

Similar to results from the active season harvest, total biomass, wet or dry was highest at the
highest planting density, and decreased moving to the lower planting density, in both cropping
scenarios. Also paralleling earlier results looking at dry biomass per acre, the lower density planting in
the dedicated cropping scenario had 76.2% of the total dry biomass of the high density planting; in the
intercropped planting scenario, the low density planting had 91.5% of the biomass of the high density
planting. The lower planting density had higher actual percent wood, nearly identical percent bark and
slightly lower percentage of branches when looking at the components of the biomass. These are
different results than the active season harvest and likely reflect the absence of leaf matter in the active
versus dormant season harvest.
The 2011 dormant season harvest by the New Holland harvester was conducted at Boardman
December 5th through 8th. Based upon problems we had during the active season harvest, namely
traversing the fields due to the old stumps between rows, the alleyways were re-mulched to provide a
better surface for the harvester and offloading equipment. Also, based on our previous experience with
truck and tractor configurations to capture chips from the forage harvester, we arranged for a total of
four 10-wheel self-unloading potato trucks to capture and haul the product to a storage area. The
harvester was able to operate at a maximum speed during both the dedicated and intercrop harvest.
Speeds up to 7 mph were achieved. Experienced operators driving the potato trucks were able to keep
pace with the harvester and make turns at the headlands along with the harvester. The self-unloading
potato trucks did have problems off-loading chips due to chips bridging over the belt and slowing or
blocking the unloading operation. These trucks were chosen for the trial due to local availability,
however a dump bed or chain bottom floor unloading truck will not have this problem.
Destructive sampling for pre-harvest yield estimation field 02710 of the Lower Columbia Tree
Farm was conducted from July 24 to 26, 2012. Results are presented in Tables 28 through 30.
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Table 28. Total Green Weight and Weight of Green Biomass Components of Hybrid poplar, Active Growing Season First Non-Coppice Harvest,
Lower Columbia Tree Farm, Field 02710, 2.5 years of growth from planting.
Cropping
Scenario

Planting
Density
(trees per
acre)

Total Green
Biomass
(tons per
acre)

Wood Green
Biomass
(tons per
acre)

Percent
Wood of
Green
Biomass

Bark Green
Biomass
(tons per
acre)

Percent
Bark of
Green
Biomass

Branches and
Leaves Green
Biomass (tons
per acre)

Percent
Branches and
Leaves of Green
Biomass

Dedicated
Dedicated
Overall
Average

1452
2178

9.17
9.96

3.26
3.76

32.5%
35.2%

1.04
1.29

10.8%
12.3%

4.86
4.91

56.7%
52.5%

9.6%

3.51

33.8%

1.17

11.6%

4.89

54.6%

Table 29. Total Dry Weight and Weight of Dry Biomass Components of Hybrid poplar, Active Growing Season First Non-Coppice Harvest, Lower
Columbia Tree Farm, Field 02710, 2.5 years of growth.
Cropping
Scenario

Planting
Density
(trees per
acre)

Total Dry
Biomass
(tons per
acre)

Wood Dry
Biomass
(tons per
acre)

Percent
Wood of Dry
Biomass

Bark Dry
Biomass
(tons per
acre)

Percent
Bark of Dry
Biomass

Branches and
Leaves Dry
Biomass (tons
per acre)

Percent
Branches and
Leaves of Dry
Biomass

Dedicated
Dedicated
Overall
Average

1452
2178

3.17
3.64

1.24
1.52

35.8%
39.3%

0.32
0.44

9.7%
11.5%

1.61
1.68

54.5%
49.2%

3.4%

1.38

37.6%

0.38

10.6%

1.65

51.9%
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Table 30. Moisture Percentage of Total Biomass and Biomass Components of Hybrid poplar, Active
Growing Season First Non-Coppice Harvest, Lower Columbia Tree Farm, Field 02710, 2.5 years of
growth.
Cropping
Scenario
Dedicated
Dedicated
Overall
Average

Planting
Density (trees
per acre)

Total Biomass
Percent
Moisture

Wood
Percent
Moisture

Bark Percent
Moisture

Branches and
Leaves Percent
Moisture

1452
2178

65.1%
63.7%

61.6%
59.3%

68.9%
66.2%

66.3%
66.0%

64.4%

60.5%

67.5%

66.1%

As with results at the Boardman Tree Farm, total biomass, wet or dry was highest at the highest
planting density, and decreased moving to the lower planting density, in both cropping scenarios.
The Lower Columbia Tree Farm (LCTF) active season harvest using the New Holland harvester
was conducted on August 20th, 2012. All aspects of this operation occurred as planned. This harvest
was delayed from the winter dormant season due to wet and very muddy field conditions and because
of the previous deer damage impacting growth. Prior to harvesting, mowing and row-end removal of
portions of the bioenergy crop was conducted to facilitate turning requirements of the harvesting
equipment. For the first time, a private commercial operator (Ossman, LLC) using their own forage
chopper and the CNH FB-130 coppice header was contracted for this harvest. Better field preparation
and harvester head modifications resulted in one of the smoothest harvests to date with virtually no
down time. SUNY staff collected time motion data. A standard live-floor wagon was available for the
harvest in Clatskanie, drawn by a tractor (Figure 46). No other off-loading configurations were available
at the time of this harvest. Tractor-drawn wagons that are not capable of loading directly into a truck
for transport are generally no longer evaluated because they are not as efficient as other collection
systems.
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Figure 46. A standard live-floor wagon, pulled by a tractor, was used as the only off-loading
system at the Clatskanie harvest in August, 2012.

A survival assessment was conducted in field 02710 on October 19, 2012, two months after the
harvest operation in August. Table 31 shows the results of resprouting counts, pre- and post-harvest.

Table 31. Pre-harvest survival and post-harvest resprouting percentages at the Lower Columbia Tree
Farm.
Clone
Pre-harvest
Post-harvest
Survival (%)
A
92
85
B
74
58
C
74
51
D
83
66
Planting Density
1452
78
64
2178
83
66
Trial Average
81
65

The resprouting of the trees in the late fall raised the possibility of winter injury, and indeed a
late spring frost did damage some of the resprouted trees. Despite this setback and some weed control
issues that were controlled by mowing the alleyways between the tree rows, by mid-season 2013 the
surviving trees had recovered and were growing vigorously.
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The full three-year coppice harvest at the Boardman Tree farm (BTF) trial will not be ready for
harvest until 2014. In the meantime, Greenwood coordinated the harvest of a non-SUNY funded trial at
the BTF of three-year-old coppice rows planted at different densities (290, 600, 1100, and 2200 trees
per acre). In December 2012, a private custom contractor (Ossman, LLC), operating a New Holland FR9060 self-propelled forage harvester with a CNH owned harvest head conducted the harvest. After
some initial problems with feeding large stems, the configuration of the push bar was modified, leading
to more effective harvesting in the larger coppice stem size. Harvested yields ranged from 13 to 22
bone dry tons per acre for planting densities 290 and 2200 trees per acre (TPA), respectively.
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Task 2. Develop and refine one or more handling systems that will effectively and efficiently move
SRWC chips produced with the harvester in Task 1 from the field to the end user.
Since the New Holland FR-9000/130 FB harvester platform is designed to be used with locally
sourced collection vehicles, the actual collection systems have varied throughout the project. Many
vehicles have been tested and their relative advantages and disadvantages considered (Table 1).
Collection systems were developed for each harvest based on local knowledge of the field
characteristics and available equipment. Chips have been blown directly into trucks, self-propelled
vehicles, or tractor-drawn carts and wagons. Chips have been stored on site, hauled to short-term
storage nearby, or loaded onto trucks for immediate delivery to end users. Chips have been loaded
onto semi-trailers directly from vertical lift wagons, using blowers from self unloading wagons, or using
bucket loaders from piles. These systems were usually managed by the entities that were contracted to
do the work. Thus, collection systems were evaluated qualitatively through most of the project. Since
the harvester platform was under development quantitative assessments of these early collection
systems would probably not be any more informative than the qualitative ones. However, a
quantitative evaluation of the performance at a commercial scale of the qualitatively best chip handling
paradigms is discussed in detail in the previous section. Throughout the project, several guidelines can
be drawn concerning collection systems based on the qualitative and quantitative assessments that
were conducted:
1. There is a learning curve with every harvest. Even with the benefit of an experienced harvester
operator and morning briefings, it takes several days for experienced collection system
operators to become familiar with issues specific to short rotation woody crops. For instance, at
the Auburn, NY harvest several thousand dollars in tire repairs were needed before the silage
truck drivers were able to adjust for the fact that willow stools present specific hazards down
the row and in the headland. When we moved operations to Groveland, NY an entirely new set
of personnel had to be trained.
2. Ensure there is adequate harvester support. At the Auburn and Groveland, NY harvests there
was a 60 percent loss of efficiency between the field and short term storage. The harvester had
little or no maintenance issues at either harvest. It spent 35% of the 34.4 hours of total
operating hours at the Auburn harvest not working because the collection system was lagging
somewhere. The harvester had better support in Groveland where 23% total operating hours
were spent waiting.
3. Adequate headland spacing is a must. Part of the issues associated with harvester wait times
were the difficult headland conditions at Auburn and Groveland. Poor headland conditions
required more collection vehicles to be available because of the increased chance that a
collection vehicle may suffer a puncture. Poor headlands also increase the chance that
incidental damage will occur to the harvester (e.g. striking fence lines or large boundary trees).
4. Minimize the number of simple exchanges. With each exchange of biomass from one vehicle
to another equipment and personnel costs increase. Figure 31 clearly illustrates that with each
exchange overall efficiency drops 5 to 20 percent. When possible, trucks should be loaded in
the field working alongside the harvester; however, trucks are vulnerable to damage and require
generous headland space. Other systems should be set up to reduce the number of times
biomass is moved in order to keep costs to a minimum.
5. Minimize distances to short-term storage. At Auburn and Groveland, there were large losses in
efficiency moving chips from the field to short term storage. These losses were associated with

92

the total haul distance or the time spent transferring chips to a road-worthy vehicle. On-site
storage will yield cost savings.
6. If short term storage is used, protect chip quality. An in-depth discussion of chip quality will
take place in the next section, but the linkage between the efficiency gains of locating shortterm storage near the harvest site may be offset by the potential loss in chip quality. When
chips are loaded from the unprotected ground there is a risk of contaminating chips with
topsoil, rocks, or other material that may result in the material not being accepted by an end
user. In some harvests tarps have been used as a barrier, but given the 2500-plus Mgwet of chips
generated at Auburn and Groveland, other strategies necessary to protect chip quality may
affect collection system choices.
The next steps for future work are to take data from scenarios that have shown promise and use
them within logistic modeling simulations to evaluate their suitability for relevant supply chain
scenarios. This approach should be used iteratively to modify or improve collection systems based on
model output and the application of these recommendations to harvests in the field. Collection system
recommendations are likely to vary by crop, site, equipment availability, and economic realities, but
testing of specifically designed systems based on modeling should provide improvements in efficiency
and a lowering of costs.
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Task 3. Monitor changes in wood quality for chips of different sizes, harvested at different times of
the year, and stored under a variety of conditions.
There are significant gaps in available information about changes short rotation woody
feedstocks undergo between harvest and delivery (Kenney et al. 2013; Sharma et al. 2013). The
inherent variation in feedstock quality and characteristics, and how they change with time, are needed
to inform logistic models and develop supply chains for next generation feedstocks. The goal of this
project was to test changes in willow and hybrid poplar feedstock quality simulating short-term storage
on a harvest site under several scenarios. Three separate chip pile studies have been conducted:

Chip Pile Study #1: Leaf-on
On July 7 and 8, 2011, three ~27 Mg piles (approximately 1.5 to 2.25 m high; 3 to 4 m wide; and
5 to 6 m long) of willow chips were created at Tully, NY using leaf-on chips from the harvest at Delhi, NY.
Data loggers were installed to record hourly core (< 45 cm from surface) and shell (> 45 cm from
surface) temperatures (Figure 47). Chip samples were collected when the piles were created for initial
moisture content and chemical analysis. Grab samples from both the outer shell (75 cm deep) and the
core > 75 cm deep were subsequently taken on 8/4/2011, 8/28/2011, 9/21/2011, 10/18/2011, and
12/7/2011. The internal temperature of the chip piles remained high for the first 40 days before slowly
losing heat over the following months (Figure 48). Moisture content in the chips, after initially dropping
from 52% to 45%, began to rise once the temperature began to fall (Figure 49). The moisture content of
both the inner and outer shell of the pile was greater than 70% by the end of the trial. The changes in
these piles, which were created when the willow had a full canopy, indicate that the storage window for
willow biomass that is harvested during the growing season is limited.
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Figure 47: Chip piles created during the summer of 2011 using willow biomass harvested from Delhi, NY.
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Figure 48: Average daily core (> 75 cm depth) and shell (< 75 cm depth) temperatures, and upper and
lower confidence bands (alpha=0.10), for wood chip piles created following the leaf-on harvest in July
2011.
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Figure 49: Observed core (> 75 cm depth) and shell (< 75 cm depth) percent moisture contents (wet
basis), and upper and lower confidence bands (alpha = 0.10), for wood chip piles created following the
leaf-on harvest in July 2011.

Chip Pile Study #2 (winter establishment)
Willow between 100 and 115 Mgwet of chips comprised of the cultivars SV1 and S365 harvested
on Feb 4, 2013, were stored at the Groveland, NY short-term storage site in one contiguous 3m high pile
for one month. Between March 4, and April 23, 2013, 85 Mgwet of those chips were delivered in four
semi-truck loads to Tully, NY where six individual piles of sizes ranging between 10 and 26 Mgwet
(approximately 1.5 to 2.5 m high; 3 to 4 m wide; and 4 to 8 m long) were established: two piles on
March 4, two piles on March 7, one pile on April 11, and one pile on April 23. The timing and size of the
piles was influenced by the type and size of trucks that were available and the ability to access the site
where the piles were being established. Piles were monitored using the protocol revised after the leafon study. Samples (100 to 1000 grams) were taken from shallow (45 cm) and deep (>100cm) locations
at 4 locations (top, southeast, southwest, and north) on the pile following the protocol described in
Appendix D.
Moisture Content
Despite the range of establishment dates, there were no significant differences in moisture
content based on establishment date (P=0.9868). A repeated measures design was used to evaluate
changes in moisture content with time based on depth (shell, 30 cm deep; core, > 100 cm deep), aspect
(top, North, Southeast, Southwest), and period (harvest, establishment, May, July, August). The willow
chips were 6% (P < 0.0001) wetter by the time they were delivered to the site compared to the moisture
content of samples taken at the time of harvest (Figure 50). Chips in the shell immediately proceeded to
dry and were 7-12 percent drier than the core within a month and for the remainder of the summer.
There was no longer a significant difference in moisture content between freshly harvested chips and
chips collected from the shell by August 2013 (P=0.1087). Conversely, core chips reached a peak
moisture content of 54 percent and were 5 percent wetter than freshly harvested chips by August 2013
(P=0.0019). This pattern is quite different than the one observed for the leaf-on pile study, where chips
piles were established immediately post harvest, dried from 50 percent to 45 percent within the first
two months, and then continued to gain moisture until the moisture content was beyond 65 percent.
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Figure 50: (above) Change in gravimetric moisture content between shell (<45 cm) and core (> 100 cm)
from harvest in Feb 2013, delivery and pile establishment in Mar 2013, and three observations during
the summer. Asterisks indicate a significant difference between the pooled shell and core samples
taken between May and August. (below) Cumulative precipitation after pile establishment. Stars
indicate a significant difference between core (49.5%) and shell (40.0%) moisture contents at the
alpha=0.05 level.

These measurement points within each pile only represent discrete positions. In order to scale
an estimate up to the size of a pile or load it would have to be weighted based on the proportion of the
core to pile height for a pile with a 45 cm thick shell (Figure 51). Thus, piles established in the winter,
may benefit from shorter pile heights in terms of improving moisture content since that will have a
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lower proportion of core material (Figure 50). Conversely, piles established in the summer may benefit
from taller piles since they will have a higher proportion of core material (Figure 49).

Figure 51: Approximate percentage of pile volume comprised of core material (<45 cm deep) for
individual piles of various heights with a ~45-degree angle of repose as dumped from trucks. The range
is indicative of different assumed shapes (e.g. trapezoidal, elliptical, and spherical).

Ash Content
As described in the section on Material Quality Results and Discussion on page XXX, ash content
increased after brief storage and delivery to the pile study, probably due to handling issues. However,
mean ash content of samples taken from various locations in the pile continued to increase into the
summer before stabilizing around 4% with a great deal more variability than observed at collection or
delivery (Figure 52). Ash content in pile cores was significantly higher over the three sampling events
after pile establishment (May, July, August). The increase in variability was primarily due to high ash
contents of discrete samples, as much as an increase within the entire biomass pile (Figure 53).
Numerous samples where ash content jumped to over 8% were obtained from the tops of particular
piles, but there was no significant difference among ordinal locations in the pile. The trend may be due
to mass loss associated with the location in the pile, sampling errors, or contamination at the time of
loading. Chain of custody is an important issue associated with biomass logistics, and can be difficult to
track in a disrupted supply chain as with the delayed delivery of these chips.
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Figure 52: Change in ash content between shell (<45 cm) and core (> 100 cm) from harvest in Feb 2013,
delivery and pile establishment in Mar 2013, and three observations during the summer. Ellipses
indicate a significant difference between the pooled shell and core samples taken between May and
August.
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Figure 53: Distribution of ash content for shell and core samples taken from ordinal locations (Top, SE,
SW, and N) around a wood chip pile for three sampling periods after pile establishment. Compare with
Figure 37
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Energy Content
There was no significant change in mean energy content in the piles, however variability
increased (Figure 54); as with ash content, the variability was driven by large changes in a relatively
small component of sample locations. The same samples that tended to have higher ash content also
had lower energy content. Once scaled to a full size pile it should not affect biomass quality with
regards to end users.
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Figure 54: Energy content for shell (<45 cm) and core (> 100 cm) from harvest in Feb 2013, delivery and
pile establishment in Mar 2013, and two observations during the summer.
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Figure 55: Distribution of energy content for shell and core samples taken from ordinal locations (Top,
SE, SW, and N) around a wood chip pile for two sampling periods after pile establishment.

Hot Water Extraction Pilot Study
Hot Water Extraction (HWE), which is an energy-efficient process for the production of
renewable chemicals, fuels, and other products from wood and other biomass, has been under
development by Applied Biorefinery Sciences since 2001. HWE starts with an autocatalytic hot-water
(160°C) extraction of woody biomass, removing 20 to 25 percent of the mass. The aqueous hot-water
extraction product contains a mixture of sugars, hemicellulose-derived compounds, lignin-derived
compounds, and other chemicals. The rest of the HWE process consists of a series of low energy input
unit operations to separate these compounds into easily recoverable fractions, including a stream of
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fermentable sugars and streams of more valuable chemicals. The extracted chip byproduct has been
shown to be advantageous for pulping, wood pellets, and reconstituted wood products (Amidon et al.
2011), and it also has hydrophobic properties which may be advantageous for storage. In order to
explore how the characteristics of post HWE chips change when stored outdoors, a pilot study was
established at the SUNY ESF research station in Tully, NY.
About 3 m3 of chips that were used in a hot-water extraction experiment conducted with
Applied Biorefinery Sciences were delivered to Tully, NY. A pilot study of post HWE and fresh willow
chips was conducted to compare how they change when stored outdoors for an extended period of time
(Figure 56). Eight 0.5 m3 chicken-wire cells located next to the second pile study at Tully, NY were filled
with HWE and fresh chips. In May, the moisture contents had decreased from 43 percent to 34 percent,
but there were no significant differences between treatments. By August, there was a significant 4
percent difference in moisture content between HWE (30 percent) and fresh (34 percent) chips.
Although the moisture contents were similar, there was considerably more biological activity in the
unextracted chips; however, the fresh chips stored in cells were visually not similar to fresh chips that
had been dumped by the trucks. This pilot study does imply that there may be some storage benefit to
HWE chips, but the matter requires further study in an experiment that would better reflect conditions
within a feedstock chain, which would require the creation of larger piles of chips.

Figure 56: Photograph of pilot experiment comparing the darker, hot water extracted chips with lighter,
fresh cut willow.
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Hybrid poplar Chip Study
Hazen Research, Inc. analyzed samples of hybrid poplar biomass from the 2011 Boardman active
season harvest storage piles (Figure 57). The moisture content of the material, which included foliage,
was 50.1%, and ash content was 2.6% on a dry weight basis. Results from the ultimate analysis are
presented in Figure 50.

Figure 57: Results of analysis of hybrid poplar biomass from a growing season harvest in Boardman, OR
in 2011.
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Figure 58: Moisture percentage of chip piles at the Boardman Tree Farm over a 16 month period.

Beginning in May of 2012, hybrid poplar chip piles were constructed from newly harvested
biomass and periodic sampling of chip piles took place over a period of 16 months. Percent moisture
content determinations are shown in Figure 58 for two levels of sampling within the piles.
Large fluctuations in moisture content can be seen in the shell of the pile (outer 12"), with
changes of less magnitude for the core (interior) of the pile. This is largely due to winter snow and
rainfall on the piles, followed by drying through the summer months. Moisture content peaked over the
winter period in March 2013, reaching nearly 80% moisture content, but dropped again in the spring. By
the end of the 16 months, the moisture content of the pile was similar to what it was at the start of the
trial.
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Conclusions from Pile Studies
There were no consistent patterns from the pile studies simulating short-term storage on site.
Changes in material quality will be dependent on species/cultivar, harvest season, region, and duration
of storage. The first pile study indicates that leaf-on willow chip piles do not dry significantly, however,
the core was drier than the shell material. Conversely, the moisture content of the leaf-off piles did not
exceed 55%, but the core material did not dry as much as the shell. In Oregon, hybrid poplar chip pile
cores were similar to the leaf-off willow piles. These results suggest that prescriptions for short-term
piles will vary based on species, climate, season, and end user requirements. These results also suggest
that smaller piles may aid drying by increasing surface area relative to volume during some seasons, but
at the risk of increasing soil contamination as they are reloaded for delivery. Chain of custody is an
important issue that will have to be carefully monitored in future studies. Additionally, while Briggs et al
(1986) demonstrated that fresh chips are homogenous enough that stratified sampling is not necessary,
these chips studies indicate that chips that have been stored for or mishandled may require a stratified
sample to accurately characterize the quality of a load. Finally, intermediate treatments such as hot
water extraction may yield a chip with better properties and a better shelf life, while generating an
additional product stream opportunity. More work is needed in this area in order to meet the
specifications of end users of this material.
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Task 4. Assess and document the impact of harvesting improvements on the economics of SRWC
feedstock supply systems.
The assessment of the impact of changes in the harvesting system for short rotation woody
crops was done using data collected during a base case assessment and the final set of harvesting that
was done near the end of the project. The data for the base case came from a harvest in April, 2010 at
Lafayette, NY, and the advanced case was based on data from a harvest in Groveland, NY in December,
2012 and January, 2013 (harvest details available in Appendix A1). Two different models, EcoWillow
(Buchholz and Volk 2011) and IBSAL (Sokhansanj et al. 2006), were used to evaluate the impact of the
improvements to the harvester and the overall system on the costs of harvesting short rotation woody
crops.
EcoWillow is a budget model designed for willow biomass crops that are managed using a
coppice system. The model allows users to alter input variables for their specific situations and
calculates internal rate of return (IRR) through the entire production chain from crop establishment to
the delivery of wood chips to the end user. The budget model is built in Excel (Microsoft) and initially
consisted of a welcome sheet, an input-output sheet and three work sheets representing parts of the
willow biomass crop production system (planting, harvesting, transportation). Results from the model
are presented on four work sheets containing data and output graphs. Several versions of EcoWillow
have been released since the model was first developed in XXXX. Improvements were made based on
reviews and input from willow biomass growers, academics, and financial analysts. The model has been
publically available on the web for several years and has been downloaded by over 1,400 individuals in
over 30 countries around the world.
EcoWillow was built for use by landowners or people who were interested in assessing the
potential of developing a project with willow biomass crops, so the focus is on relatively small land
areas. The land area assessed in EcoWillow, and as a result the tons of biomass being produced,
influences the fixed costs associated with the harvester. The land area being assessed can be changed in
EcoWillow by the user. For this project the analysis was completed for a 10 ha area.
Analysis done with an earlier version of EcoWillow indicated that harvesting is the largest single
cost component for willow crops, accounting for almost a third of all costs over the life of the crop
(Buchholz and Volk 2011). With the coppice management system that is used for willow, this cost is
expected because harvesting occurs at the end of each rotation and multiple rotations occur for each
planting of the crop. Other operations such as planting or weed management only occur once or a few
times at the start of the project. In the EcoWillow runs for willow biomass crops for this project, seven
three-year rotations are modelled.
In earlier versions of EcoWillow, the working speed of the harvester was the most important
factor influencing harvesting costs (Figure 59). During early trials with the New Holland harvester and
130 FB cutting head, average ground speeds ranged from 2.5 – 3.3 km hour-1 (1.5 – 2.0 mph) but there
were also periods of time when the harvester reached five to six km hour-1 (3.0 – 3.6 mph) (Table 3).
Runs in the version of EcoWillow that became available midway through this project indicated that
harvesting costs could be reduced significantly by increasing ground speed and that a longer rotation
length (4 versus 3 years) would also lower harvesting costs (Figure 59).
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Since operating the harvester is a major cost element in the system, maximizing the amount of
productive time is essential for reducing costs and thereby increases the IRR. Reducing unproductive
time by minimizing turn around time and down time is important. Reducing the down time associated
with the operation of the harvester was a key focus of this project and significant progress was made
over time. Initial runs with the data from the first few harvests indicated that both ground speed and
the maintenance time have a strong influence on harvesting costs (Figure 60). The initial trials in the
project had maintenance times of about 75%, so costs based on the version of EcoWillow available at
the time were around $55 Tondry-1 for the harvester alone.

Figure 59: Analysis of the impact of harvester speed on harvesting costs, midway through the project
using the updated version of EcoWillow. Speeds in the initial trials were in the 2.5 – 3.3 km hour-1 (1.5 –
2.0 mph). These model runs assumed that maintenance time was less than 15% and that rental costs for
the harvester, tractors, and trucks are based on 2010 costs.
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Figure 60: Change in harvesting costs with changes in maintenance time for two different harvester
speeds. Initial trials had harvesting speeds of about 1.5 – 2.0 mph and maintenance time of 75%,
indicating that costs for harvester were about $55 Tondry-1. These model runs assumed that maintenance
time was less than 15% and that rental costs for the harvester, tractors, and trucks are based on 2010
costs.
As data was collected and processed from the large scale willow harvests in the 2012/2013
season, it became apparent that the relationship between Effective Field Capacity (i.e., ground speed)
and Effective Material Capacity was only valid for the lower end of the range of standing biomass of
willow biomass crops (see details in Task 1). Once standing biomass reaches about 45 Mgwet ha-1, the
EMC levels off and ground speed actually decreases as standing biomass increases. Many of the early
harvesting trials in willow and the hybrid poplar trials in the northwest were conducted on fields that
had relatively low standing biomass or had large amounts of harvester down time, so these patterns did
not show up in the earlier data. Once these patterns were seen, analyzed, and characterized, it became
clear that the harvesting module of EcoWillow would need to be revised to reflect these results. Using
the data that was collected from the Auburn and Groveland, NY harvests, the harvesting and
transportation modules of EcoWillow were revised and a new module to account for costs with
reloading willow from short term storage into trucks was also developed.
Harvesting submodel
The majority of changes in the EcoWillow model were made in the harvesting module. The
previous version of the model was based primarily on the in-field speed of the harvester. Speed was
used to calculate the time needed to harvest a given area and then costs associated with labor, rental,
and fuel were determined. Higher speeds resulted in a decrease in the overall harvesting time,
subsequently reducing all the other costs, but there was no upper limit imposed on speed or on the EMC
of the harvester.
Based on the data collected, EcoWillow was modified so the amount of standing biomass, which
is calculated based on user inputs of yield and rotation length, is used to calculate the harvester’s
operating speed and its material handling capacity. These calculations are based on regression
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equations developed from the 2012/2013 harvesting season when the harvester was operating at
greater than 95% efficiency (i.e. down time was less than 5%). To account for situations when there
may be more down time, users can input a value of expected harvester maintenance time. Harvester
time in the field plus maintenance time and the time it takes the harvester to make headland turns are
used to calculate the time required to harvest the area of the fields, which is then used to calculate
labor, equipment rental, and fuel costs.
During the harvesting process, collection vehicles (tractors and wagons or trucks) are used in
conjunction with the harvester to collect the wood chips coming out of the harvester spout. In the
previous version of the model, the number of tractor- trailers deployed at a given site was based on a
user input value. However, since the speed of the harvester is based on optimal running conditions, the
number of collection vehicles needed to keep the harvester running continuously is now calculated
within the model. Collection vehicle speed, capacity, and unloading time are the main user inputs
necessary to make these calculations. The distance travelled by the collection vehicle to unload the
chips is based on the geometry of the field specified by the user on another page of the model. Based
on these inputs, the model calculates the cycle time of each collection vehicle and thus gives a total
number of collection vehicles needed to keep the harvester running continuously. The cost for running
all these units is again based on rental, fuel, and labor rates.

Reloading submodel
In the old version of EcoWillow, it was assumed that a silage blower was used to transfer chips
from a self-unloading forage wagon into a truck. However, due to low efficiency of this system none of
the recent harvests used a self-unloading forage wagon or silage blower to collect and transfer chips.
Hence, the updated version of the model does not contain any inputs for using a silage blower and
instead now includes a reloading submodule.
In the most recent series of harvests in both willow and hybrid poplar, harvested chips were
taken to a short term storage location and then reloaded onto trucks at a later point in time. In order to
account for this reloading of the chips, a reloading submodule was developed. This submodule
estimates load times based on the loader bucket capacity relative to the capacity of the delivery vehicle.
The capacity of the loader is used to calculate the total working hours to move the chips that will be
harvested from the field. Subsequently, rental cost, labor cost, and fuel cost of the loader is based on
total number of hours needed to load all the chips from the site or sites defined by the user into trucks.
Transportation submodel
The transportation submodel calculates hauling cost based on the total amount of chips that
need to be transported from a given site and user inputs of trailer capacity and distance to the end user
site. The model calculates total time needed for transport based on the number of loads and the time it
takes to transport one load, including unloading time. The total time is then used to calculate the rental,
labor, and fuel costs.
Harvesting cost analysis with revised EcoWillow model
Proposed revisions to EcoWillow were reviewed by team members and local willow producers in
northern NY who have purchased a NH forage harvester and 130 FB cutting head. The updated version
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of EcoWillow is due for release in late 2014. The subsequent model was run using data for the base case
and an advanced case. Base case data is based on the harvest conducted at Lafayette in 2010 and the
advanced case was based on data that was collected from the Groveland harvest in 2012/2013. A
summary of these harvests is presented above and site specific details are included in Appendix A1.
For the purposes of this comparison, the field size was assumed to be the same at both sites, 10
hectares with an average row length of 250 meters. It was also assumed that the willow at both the
places was harvested after a three year rotation. Other inputs like labor rates, rental rates, and fuel
prices and consumption were also kept the same for both harvests.
Based on these parameters, three different scenarios were run in EcoWillow in order to
compare changes that occurred between the base case and advanced harvests in this project. The costs
presented below reflect costs associated with the harvesting, short term storage, reloading, and
transporting of the biomass 45 km to a biorefinery. The costs do not include any other costs such as
planting, crop management, or profits for the grower.
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Scenario 1
In this scenario the only input that was varied was the efficiency of the harvester. In the time
between the two harvests, the amount of maintenance (down) time for the harvester was reduced
significantly from 25% at Lafayette to 5% at Groveland. These numbers are based on actual efficiency
numbers calculated from data collected during these harvests when collection equipment was available
and running alongside the harvester. The down time for the harvester at the Lafayette harvest was
actually 75% due to the limited number of collection wagons, the distance to short term storage, and
problems with tire punctures on the wagons. In both the cases in this scenario the standing biomass was
assumed to increase at the rate of 9.8 Mgdry ha-1 yr-1 with a moisture content of 50% at the time of
harvest.
Based on these values, difference in cost was observed primarily in the harvester cost category
(Table 32). The harvesting system cost output from EcoWillow includes the cost of the harvester and all
the collection vehicles used to support the harvester. The cost of reloading and transportation for both
harvests were equal because no changes were made in the variables for these costs. Results show that
the cost to operate the harvester decreased by 12.4% or $2.30 Mgdry-1 in the advanced case when
compared to the base case. Since the harvester is more efficient, the time required to harvest the field is
lower and so is the cost of the collection equipment because it takes less time to complete the task. The
reduction in cost for the harvester and collection equipment combined is $3.57 Mgdry-1 or about 12.2%.
Since other parameters where held constant, the costs for the other portions of the system were the
same. Total cost of harvesting, delivery to short term storage, reloading, and delivery to an end user
changed from $40.47 Mgdry-1 in the base case to $36.90 Mgdry-1 in the advanced case.

Table 32: Costs for harvesting short rotation woody crops when the harvester efficiency is improved
from 75% (base case) to 95% (advanced case)
Base Case ($ Mgdry-1)
Advanced Case ($ Mgdry-1)
Harvester cost
$18.62
$16.32
Collection equipment cost
$10.67
$ 9.40
Reloading cost
$ 0.78
$ 0.78
Transportation cost
$10.40
$10.40
Total
$40.47
$36.90

Scenario 2
The actual measured downtime for the harvester during the trial at the Lafayette site was about
75%, but trying to build a model that will effectively account for efficiencies this low is complicated. In
reality, if the down time was as high as 75% the system would never be deployed and made available for
commercial operations. However, for this scenario the results of such a low efficiency are estimated
and the harvester maintenance time of Lafayette was increased to be 75%, while that for Groveland was
still kept at 5%. The rest of the parameters in the model were the same as in scenario 1.
The large difference in the efficiency of the harvester resulted in a much larger difference in
harvesting costs (Table 33). For this scenario, the harvester cost dropped from $24.60 Mgdry-1 in the
base case to $16.32 Mgdry-1 in the advanced case, a decrease of 33.6%. The cost for collection
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equipment also dropped by about 33%. The cost to harvest, deliver to short term storage, reload chips,
and haul them to an end user was almost $50 Mgdry-1 in the base case and only $36.90 Mgdry-1 in the
advanced case, a decrease of 25.8%. The rental and operation of the harvester and collection wagons
accounted for about 78% of the total cost in the base case and 70% in the advanced case.

Table 33: Costs for harvesting short rotation woody crops when the harvester efficiency is improved
from 25% (base case) to 95% (advanced case)
Base Case ($ Mgdry-1)
Advanced Case ($ Mgdry-1)
Harvester cost
$24.60
$16.32
Collection equipment cost
$13.97
$ 9.40
Reloading cost
$ 0.78
$ 0.78
Transportation cost
$10.40
$10.40
Total
$49.75
$36.90

Scenario 3
For the final scenario, Ecowillow was run based on actual standing biomass observed at both of
the sites and the differences in the harvester efficiencies. For this scenario, it is assumed that the
harvester efficiency is based on time periods when tractor-trailer units were working continuously, so is
set at 75% for the base case and 95% for the advanced case. The standing biomass was 26 Mgwet ha-1 for
the base case and 68 Mgwet ha-1 for the advanced case.
Based on the conditions measured in the field at these two locations, the overall cost of
harvesting and delivering biomass to an end user was $64.67 Mgdry-1 in the base case (Table 34). For the
advanced case, the cost was reduced by 39.4% to $39.18 Mgdry-1. The largest reduction in cost (a 55.3%
reduction) was associated with the harvester because in the advanced case it was operating more
efficiently and at a high Effective Field Capacity. As a result, more tons of biomass were being moved
through the both harvester and the entire system each hour in the advanced case, reducing the cost per
ton. In the base case scenario, the standing biomass was below what we have determined as an
effective amount of standing biomass for this system. The improvements in the advanced case also
resulted in a 34.3% reduction in costs associated with the collection equipment because of the
improvements in harvester efficiency and effective material capacity.

Table 34: Costs for harvesting short rotation woody crops for the base case and advanced case using
data collected during harvesting trials.
Base Case ($ Mgdry-1)
Advanced Case($ Mgdry-1)
Harvester cost
$33.77
$15.08
Collection equipment cost
$19.52
$12.82
Reloading cost
$ 0.78
$ 0.78
Transportation cost
$10.60
$10.50
Total
$64.67
$39.18
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Analysis of Harvesting Costs Using the IBSAL Model
Data collected during the base case scenario at Lafayette and the advanced case scenario at
Groveland was summarized and provided to Erin Webb and Shahab Sokhansanj at ORNL as input for the
IBSAL model. The IBSAL model was run for a willow supply system designed to supply an 800,000 Mgdry
year-1 biorefinery in the upstate New York area with willow chips from October to early April. It should
be noted that the scale at which the IBSAL model is run is much larger than the EcoWillow model, which
is focused more at the field or small project scale. The differences in the scale of the two models and
how they are constructed account for differences in the modeled harvesting costs.
In the baseline system in the IBSAL model, a forage harvester cuts and chips willow and deposits
chips into a small dump wagon towed by a tractor. The tractor with dump wagon transports chips to a
field-edge site where chips are transferred by a forage blower from the dump wagon to the chip trailer.
Chips are then transported 45 km (27 miles) to the biorefinery. In the advanced system, a forage
harvester with a slightly larger engine and a more reliable cutting head was used. The harvester
deposited chips into a tractor-towed cane wagon which transfers the chips directly to a silage truck at
the edge of the field. The silage truck transports chips a short distance and deposits chips onto a
temporary (< 1 month) field storage site. As needed, a wheeled loader is used to fill the chip trailer
which transports chips an average of 45 km to the biorefinery. The harvesting and delivery costs
generated from the IBSAL model are techno-economic estimates and do not include overhead or
biomass production costs.
This analysis showed that the improved harvester and more efficient handling methods
demonstrated in the SUNY project would reduce the logistics cost of wood chips delivered to a
biorefinery by 34.6% from $51.83 Mgdry-1 to $33.89 Mgdry-1 (Table 35). The cost associated with the
harvester was reduced by 50% in this analysis because of improvements in efficiency and Effective Field
Capacity. Changes in the handling system reduced costs by about 34% from $19.22 Mgdry-1 to $12.60
Mgdry-1.
Table 35: Harvesting costs for willow biomass for a base and advanced case based on systems used and
data collected during harvesting trials in 2010 and 2012/13 in Upstate NY.

SUNY WILLOW BASELINE SYSTEM

Custom cost
($ Mgdry-1)

Forage Harvester
Forage Wagon
Tractor (Forage Wagon)
Blower
Tractor (Blower)

$23.98
$3.12
$10.94
$0.97
$4.19

Chip Trailer
Chip Truck
TOTAL

$0.38
$8.25
$51.83

SUNY WILLOW ADVANCED
SYSTEM
Forage Harvester
Cane Wagon
Tractor (cane wagon)
Silage Trailer
Silage Truck
Storage
Loader
Chip Trailer
Chip Truck
TOTAL
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Custom cost Avg
($ Mgdry-1)
$11.94
$0.88
$5.94
$0.10
$2.78
$0.00*
$2.90
$0.41
$8.94
$33.89

*There were no charges for storage during these harvesting trials, but in other situations there may be a
charge
Comparison of EcoWillow and IBSAL Results
The two models used to assess changes in harvesting and transportation costs are designed for
different purposes and are intended for use at very different scales. The EcoWillow model is designed
for use by landowners or project developers who are looking to plant hundreds or a couple thousand
hectares. For the scenarios run for this report the field size was 10 ha. The IBSAL model is designed to be
used at a much larger scale and in this scenario was built around a supply of about 800,000 Mgdry yr-1 of
willow biomass which would require 67,000 to 80,000 ha of willow, depending on the yield.
Using the EcoWillow model the cost of harvesting and transportation dropped from about $65
to about $39 Mgdry-1 during the project. The change in price with the IBSAL model was from $52
to $34 Mgdry-1. The differences in the intended purpose and design of these models accounts for
a number of the differences in costs.
Mgdry-1
Mgdry-1

Despite some differences in the estimated costs of harvesting, reloading and transportation,
both models had similar reductions in cost between the base and advanced case (Table 36). The
improvements made over the duration of the project resulted in a decrease of 37% on average between
the two models. The reduction was 39.4% in EcoWillow and 34.6% in the IBSAL model. In both models
the largest percentage reduction in cost was associated with the improvements in the harvester. The
improvements resulted in a decrease in harvester-related cost reduction of 50.2% (IBSAL) to 55.3%
(EcoWillow). The improvements in the reliability of the harvester, reductions in down time, and more
consistent throughput all contributed to the reduction in costs. Improvements in the handling system
were also similar for the two systems with an average of 32.7% (34.3% for EcoWillow, 31.0% for IBSAL).
A significant portion of this improvement is also related to the increased efficiency and throughput of
the harvester because those factors reduce the amount of time required to harvest a given area, which
reduces costs for the supporting collection equipment. The IBSAL model showed a higher reloading cost
than the EcoWillow model because the system modeled changed from self-unloading wagons and a
blower to a system where dump carts unloaded into silage trucks that delivered material to short term
storage. This material then needed to be reloaded into larger trucks for delivery to a biorefinery.

Table 36: Comparison of harvesting and transportation costs for a base and advanced case using the
EcoWillow and IBSAL models.
Base Case
Advanced Case
Change in Cost from Base to
Advanced Case (%)
EcoWillow
IBSAL
EcoWillow
IBSAL
EcoWillow
IBSAL
Harvester cost
$33.77
$23.98
$15.08
$11.94
55.3
50.2
Collection equipment
$19.52
$14.06
$12.82
$9.70
34.3
31.0
cost
Reloading cost
$0.78
$5.16
$0.78
$2.90
0
43.7
Transportation cost
$10.6
$8.63
$10.5
$9.35
<1
+8.3
Total
$64.67
$51.83
$39.18
$33.89
39.4
34.6

116

EcoPoplar
Thomas Buchholz, of Spatial Informatics Group, LLC, and creator of the EcoWillow model while a
graduate student at SUNY ESF, was contracted to work with GWR staff to modify the model for hybrid
poplar.
The model is a series of linked Excel spreadsheets that contain assumptions, costs and economic
inputs that allow a landowner to assess the feasibility of growing hybrid poplar as a bioenergy crop.
Initial parameters for inputs to the new model, dubbed EcoPoplar, were discussed during an initial
meeting with GreenWood Resources staff and a tour of the Boardman Tree Farm in May of 2011.
Several iterations of the model were created and reviewed. Data on activities and crop care
costs were reviewed and updated in order to refine the inputs to the model for more realistic scenarios.
As a result, changes to the model were incorporated to allow flexibility in planting, crop care, and
harvesting methods. Some of the modifications included:






Ability to specify dedicated versus intercropped biomass planting scenarios in the InputOutput Submodel
Select and set levels of irrigation as a crop input in the Growth and Irrigation Submodel
Allow inputs of fertilizer and pest control measures to be entered on a quarterly basis
during a calendar year in the Weed-Pest & Fertilizer Submodel
Select between mechanical or hand planting of cuttings for plantation establishment in
the Planting Submodel
Specify off-road or on-road trucks to receive the biomass from the harvester in the
Transportation Submodel

GWR team members reviewed the EcoPoplar model final version during a presentation with
Spatial Informatics Group, LLC in November 2012 (Figure 61). The final program is available in two
versions from GWR: US customary units (tons, acres, etc.) and a version using metric units (metric tons,
hectares, etc.) The program worked well and no further changes were requested. EcoPoplar should
prove to be a very useful tool for those who are considering hybrid poplar as a bioenergy crop. Based on
the results of willow biomass crop harvests in 2012 and 2013, it is likely that the harvesting submodule
of this model will need to be modified. However, this will require further testing of the system in second
rotation stands of coppiced hybrid poplar where the yields will be higher than first rotation material.
This should result in the harvester working closer to its Effective Material Capacity, which would allow
the model to be restructured. The relationships between the standing biomass and EMC in hybrid poplar
in a coppice system are likely to be different than in willow because of differences in crop spacing, form,
growth rates, and ground conditions in different parts of the country. If further trials are possible, the
EcoPoplar model could be revised following the general approach used in EcoWillow.
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Figure 61. The Input-Output screen of the EcoPoplar economic model showing some of the input fields and link
buttons to the various submodels.
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Project Summary and Conclusions
During the study period, 14 harvests comprising over 120 hectares were conducted between
April 2010 and February 2013 on existing willow crops in New York State and hybrid poplar plantations
that were established in Oregon. For willow harvests, in-field throughput from the machine (Mgwet hr-1),
also known as Effective Material Capacity (EMC), increased from about 9 Mgwet hr-1 in the "base-case" at
Lafayette, NY in 2010 to over 70 Mgwet hr-1 in the commercial-scaled harvests at Auburn, NY and
Groveland, NY in 2012/13. Concurrently, downtime decreased substantially from 75% to less than 15%
percent, with over 87% of the loads in the final year of harvesting having down times of less than 10%.
These are average values for each of the sites; there were instances when conditions were optimal (i.e.
crop and field were good, wagons were in sync with the harvester, and the harvester was running
smoothly) and throughput was higher. For example, in the base case trial at Lafayette, optimal
harvester throughput was about 14 Mgwet hr-1 and in the final trials it exceeded 100 Mgwet hr-1 in a few
instances.
Effective Field Capacity (ha hr-1), which is analogous to harvester speed, has also increased from
0.3 to 1.6 ha hr-1 ( 2 to 6 kph) during the project. However, a key lesson learned during the project is
that ground speed alone is not a good indicator of system improvement because harvester throughput
is related to the combined effects of ground conditions and standing biomass at the site. When
standing biomass of SRWC was below 45 Mgwet ha-1, throughput increased linearly with standing
biomass, while harvester speed was limited by ground conditions. However, once standing biomass
begins to exceed 45 Mgwet ha-1, harvester throughput nears its current capacity and the relationship
between ground speed and throughput changes. Throughput of the harvester plateaus between 70 and
90 Mgwet hr-1, but as the standing biomass increases, the harvester speed decreased linearly. This was
an important insight from these trials and resulted in a restructuring of the harvesting cost calculations
in the EcoWillow model. This pattern is also not static, which has serious implications for how the
system should be optimized to reduce harvesting costs while balancing the potential for profit
generation for landowners on a per hectare basis.
The quality of chips produced from previous SRWC harvesting systems were inconsistent and
often included long stringy pieces of biomass. These characteristics, along with misperceptions about
the moisture content of willow biomass, created market barriers for SRWC biomass. The New Holland
harvesting system has resolved the chip size issue and consistently produces chips with >80% of the
chips being between 25 and 45 mm in size and less than 3% being smaller than 6.4 mm in size. The
consistency of the chips was demonstrated across various willow cultivars and under different weather
conditions. The moisture content of 195 samples collected from harvesting trials in 2012/2013 was very
consistent (average and standard deviation of 44.4 + 2.2%) and only 0.5% of the samples had moisture
content greater than 50%.
There were no consistent patterns from the pile studies simulating short-term storage on site.
Changes in material quality will be dependent on species/cultivar, harvest season, region, and duration
of storage. The first pile study indicates that leaf-on willow chip piles do not dry significantly; however,
the core was drier than the shell material. Conversely, the moisture content of the leaf-off piles did not
exceed 55%, but the core material did not dry as much as the shell. In Oregon, hybrid poplar chip pile
cores were similar to the leaf-off willow piles. These results suggest that prescriptions for short-term
piles will vary based on species, climate, season, and end user requirements. These results also suggest
that smaller piles may aid drying by increasing surface area during some seasons, but at the risk of
contamination as they are reloaded for delivery. Finally, intermediate treatments such as hot water
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extraction may yield a chip with better properties and a better shelf life, while generating an additional
product stream. More work is needed in this area in order to meet the specifications of end users of
this material.
The impact of the improvements to the harvester and the harvesting system on the cost of
harvesting were assessed using two different models – EcoWillow and the Integrated Biomass Supply
Analysis and Logistics (IBSAL). EcoWillow is a budget model designed for willow biomass crops that are
managed using a coppice system. IBSAL was developed to simulate biomass supply chains from the field
to the biorefinery. Data inputs from a trial in April 2010 were used as the base case and harvesting done
in 2012/13 was used for the advanced case. Costs to harvest SRWC, collect chips, and transport them to
a biorefinery were included in both models. Neither model included costs associated with crop
production and management or profits for growers.
While there were some differences in the absolute costs from the two models, the proportion of
change between the base and advanced case was similar. Harvesting costs in the base case scenario
averaged $58 dry ton-1 ($52 dry ton-1 in IBSAL and $65 dry ton-1 in EcoWillow). Harvesting costs were
reduced by 37% between the base case and the advanced case to an average of $37 dry ton-1 ($39 dry
ton-1 in EcoWillow and $35 dry ton-1 in IBSAL). This is a reduction in harvesting costs of about $21 dry
ton-1 over the duration of this project. The largest reductions were associated with the harvester itself,
where costs dropped by 53%. Costs associated with the equipment used to collect chips from the
harvester and delivery then to short term storage decreased by 33%. Improvements in the design of the
New Holland harvester that increased efficiency and throughput along with changes to the collection
system accounted for most of these cost reductions.
Significant improvements were made to the harvesting system for SRWC during this project. New
Holland is now marketing the 130 FB Coppice Header for its FR series of forage harvesters through its
network of dealers in both North America and Europe. One willow producer in northern NY has
purchased and is operating a FR series forage harvester with a 130 FB Coppice Header to manage about
500 ha of willow in northern NY. Another custom operator in the Northwest has used his forage
harvester with a coppice header supplied by the project to harvest hybrid poplar crops at several
locations. While important progress has been made during this project, there are a number of areas
where additional improvements could be made to make the harvesting system more effective and less
costly. Future efforts to reduce harvesting system costs should focus on optimizing the collection and
delivery system for the chips that are produced. One approach is to develop systems where biomass
from SRWC is incorporated more closely into the supply chain with wood chips from forestry operations
in order to improve the logistics associated with this crop. In addition to improving the logistics,
improvements to the harvester that will increase reliability and throughput capacity and expand the
field conditions where it can operate are needed to continue to lower harvesting costs. Since harvesting
and logistics make up the majority of the delivered cost of biomass from SRWC, progress in these areas
is essential so that SRWC can better contribute to the overall goal of creating renewable, efficient,
economically viable, and domestically produced sources of biomass energy.
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DOE Multi-Year Program Plan Feedstock Supply Technical Challenges and Barriers
The DOE Office of Energy Efficiency and Renewable Energy released a multi-year program plan
for the bioenergy program in November 2012 to identify the research, development, demonstration,
and deployment activities the Program will focus on over the next five years. A high-impact research
area of the biomass program concerns feedstock supply and logistics. The “Development and
Deployment of a Short Rotation Woody Crops Harvesting System Based on a Case New Holland Forage
Harvester and SRC Woody Crop Header” project provides important results related to the feedstock
technical challenges and barriers addressed in the multi-year program plan.
Related to feedstock availability and costs (Ft-A), this project provides important empirically
based harvesting and logistics data obtained from two regions (Northeast, Pacific Northwest). This data
was used to modify and improve the EcoWillow cash flow model, create an EcoPoplar cash flow model,
and can be incorporated in other logistic models for bioenergy systems in the future. Of particular
interest will be the sensitivity of harvesting costs to the patterns of harvester productivity curves
illustrated in Figure 26 and 27.
This project has addressed sustainable harvesting (Ft-D) in several ways. Experiments were
conducted to evaluate the impact harvesting has on stool damage and survival. The results concerning
dropped or left material, particularly meristematic “shakes” has important implications relative to
nutrient retention and dynamics after harvesting.
A critical need stated by the DOE project plan, as well as stated in the literature (Kenney et al.
2013; Sharma et al. 2013), is monitoring and addressing the variability in feedstock quality (Ft-G) and
storage (Ft-H). This project has tracked short rotation woody feedstock quality from harvest to short
term storage. We have demonstrated that a consistent, high-quality product is being generated by the
harvester. We have evaluated the effect of specific cultivars, time of harvest, storage, and other factors
on feedstock variability.
This project represents a significant step forward to commercializing this improved harvesting
system. We have addressed the biomass material handling and transportation technical barrier (Ft-L) by
testing numerous types of chip handling equipment; the data from this study can be used as a
foundation for developing an optimized system in a logistic modeling environment. Relative to overall
integration and scale-up (Ft-M) this harvesting system is being expanded in both the Northeast and
Pacific Northwest through BCAP installations in both locations.
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Appendicies
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Appendix A1: Individual Harvest Reports
LaFayette, NY
Approximately 4.9 hectares of willow farm was harvested at LaFayette in April 2010 using the FR
9060 CNH harvester (Figure A1). This harvest is considered as the base case of the willow harvest using
the FR 9000 series harvesters.
There were four other pieces of equipment working with the harvester to manage the wood
chip supply system. Two small self-unloading forage wagons were used one after the other to collect
the chips from the harvester spout (Figure A2). The wagons unloaded the biomass directly into a blower
that transferred them directly into a chip truck (Figure A3). The chip truck transported the chips to the
end user at Lyonsdale Biomass, located in Lyonsdale, NY. The average moisture content of these chips
was 48%.
Harvest operations did not go smoothly. 127 Mgwet of material was harvested from the 4.9 ha
over 14.3 hours. Although conditions were good and rainfall was minimal, there were numerous issues
with the harvester and problems in the supply chain system, resulting in 75% harvester down time. GPS
data was sparse due to lower than expected GPS performance by the VisionTac units. From the limited
data, the harvester had periods of good performance with speeds near 2.4 and up to 3.2 kph which
equates to effective field capacities between 0.54 and 0.72 ha hr-1, and effective material capacities 14
to 19 Mgwet hr-1. However, due to the downtime, the overall average was limited to 0.31 ha hr-1 or 8.8
Mgwet hr-1.

Figure A1: Harvest Map at LaFayette Rd.
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Figure A2: Harvester blowing chips into one of the self-unloading wagons during harvesting at LaFayette.

Figure A3 : Blower blowing chips into a chip truck at LaFayette.
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Westfield, NY
Due to lack of freezing temperatures in the final months of 2010, only one field near Westfield,
NY was harvested in December (Figure A4). The FR 9060 used during this harvest performed acceptably
without any known issues, even though there was six to eight inches of snow on frozen ground (Figure
A5). The harvester was accompanied by one tractor and dump wagon to collect the willow chips. The
primary purpose of this harvest was to test smaller saw blades on the 130 FB coppice header to reduce
blade deflection. Roughly 0.85 hectares were cut, with 0.80 hectares being harvested and collected.
The willow varieties cut consisted of SV1 and SX67 that were planted 11 years ago. Forty-four
rows of willow were cut generating 54 green tons of willow chips indicating that the production from
these fields was about 27 green tons per acre. Some of the material was 10 years old and at or beyond
the upper limit of the unit, resulting in poor feeding and some minor mechanical failures centered
around the hydraulic cylinder that raises and lowers the push bar on the header. After two failures, this
cylinder was replaced with a solid link and we experienced no further issues. Other portions of the field
had been cut 4 to five years ago and this material was within the size range for the harvester.
Overgrown material also compounds the “edge effect” of willow and results in significant backleaning plants that are attempting to capture more sunlight by growing out from the stand at as much as
a 45 degree angle. This growth habit in oversized material presents a challenge for smooth feeding at
the start of a row, and numerous plants had to be hand cut to allow the harvester to enter a row. This
oversized material also caused significant cosmetic damage to the harvester and required replacement
of the entire cab roof. This should not be an issue in normal aged (3-4 year old) crop.

Figure A4: Harvest Map at Westfield, NY
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Figure A5: Dump wagon collecting chips from Harvester at Westfield, NY
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Middlebury, VT
A total of 2.2 ha of willow were harvested January 4-5, 2011, in Middlebury, VT using the CNH
FR 9060 (Figure A6). Harvester modifications included the addition of forestry tires to improve
clearance, flotation, and puncture resistance. The harvester performed very well in this appropriateaged crop.
The collection system consisted of a two-wheel dump cart equipped with large tractor tires,
which loaded two silage trucks for weighing and transport to short term storage. Although ground
conditions were marginal due to minimal freezing, ruts were negligible as the dump cart maintained
good flotation compared to similarly-sized, four-wheel dump wagons due to larger tires. The cart also
had improved mobility during turns in the headlands.
Standing biomass was 39 Mgwet ha-1 and the average in-field speed was 5.8 kph or an effective
field capacity of 1.3 ha hr-1. Mean effective material capacity during harvesting was 51 Mgwet hr-1.
Willow chips collected from the Middlebury site were used for a test in the wood fired CHP gasification
system at the Middlebury College.

Figure A6: Harvest field at Middlebury, VT

127

Delhi, NY
Willow crops were harvested at the Delhi site on July 8-9, 2011. Approximately 2.2 ha were cut
from three fields over the two days. All collected material was blown into a Richardton 700 dump
wagon pulled by the harvester, as the ground conditions were too wet to allow silage trucks in the field
(Figure A7). This slowed productivity a great deal, as each load had to be hauled to the edge of the field
for dumping. The layout of the trials, particularly the limited space at the end of the rows, made
maneuvering at the ends of this trial difficult.
In conjunction with this dump wagon, two small self-unloading field trucks were used to reduce
the waiting and dumping time of the harvester and dump wagon (Figure A8). While one field truck was
unloading its load into the forage blower, the other truck was stationed in the field so the harvester
could continue harvesting and dumping. Scheduling trucks to meet harvester needs proved difficult.
Chips were hauled to Tully, NY to set up piles for monitoring.

Figure A7: Harvester pulling small dump wagon and unloading into the field truck during harvesting
operations in Delhi, NY.

Figure A8: Small self-unloading field truck used to transport chips to loading area. Chips were unloaded
into a tractor trailer using a forage blower.
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Constableville, NY
Approximately 2.7 hectares of 5-year-old dormant season willow was harvested in October 2011
at Levan’s farm, in Constableville, NY (Figure A9). Two small dump wagons were used to collect and pile
the chips from the harvester (Figure A10). The chip pile was established beside the gravel pad landing
area, which was a maximum of 2,000 feet from the furthest willow field (Figure A11). Average time for
the wagons to get to and from the landing was about 3.5 minutes with an average dump time of 2
minutes. A small loader was used to load the chips from the ground into short dump trucks. The
harvester ran without incident and required no down time for repair.
The standing biomass was 50 Mgwet ha-1 and the average in-field speed for the harvester was 3.3
kph. The harvester effective field capacity and mean effective material capacity was 0.73 ha hr-1 and
36.5 Mgwet hr-1 respectively. Approximately 134 green tons of material was sent to Lyonsdale Biomass
and burned for the production of steam and electricity.

Figure A9: Area harvested at Levan’s Farm in Constableville, NY on Oct. 13-14, 2011.

129

Figure A10: Dump wagons collecting chips from the harvester at Constableville, NY.

Figure A11: Dump wagon at the landing area in Constableville, NY.
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Canastota, NY Harvests:
A dormant season willow harvest took place in Canastota, NY on November 14-16, 2011 (Figure
A12 and A13). Approximately 8.9 ha of three year growth coppice willow was harvested using the CNH
FR 9060 harvester in conjunction with three dump wagons (Figure A14). In spite of the three wagons,
the harvester was delayed at times waiting for the wagons to cover the 0.5 to 1.1 km haul distances to
the landing. Two chip piles were created by the wagons: one on a nearby field for the Harp Road
location, approximately 0.8 km from the harvest field, and the other for the Forbes Road location, which
was established at a town salt shed approximately 1.8 km from the field.
The soil conditions were near saturated, with standing water in many of the ruts from previous
harvests. The overall effective field capacity from 0.57 to 0.65 ha hr-1 in these less than ideal field
conditions. The average infield speed of the harvester was 2.5 kph and the effective material capacity
was 35 Mgwet hr-1. Rutting was not a major problem, but tractors and wagons became stuck in both the
field and headlands on numerous occasions, which reduced overall productivity. The harvester ran with
minimal downtime, with a total of two blade changes required: one to replace the failed ITCO prototype
blades with standard blades, and one to replace blades damaged by a piece of steel left in the field from
a previous harvest (2009).

Figure A12: Area harvested at the Harp Road Canastota, NY location on Oct. 14-15, 2011.
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Figure A13: Area harvested at the Forbes Road Canastota, NY location on Oct. 16, 2011.

Figure A14: Harvesting operation at Canastota, NY in 2011.
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Auburn, NY
A large 40 hectare willow harvest was conducted in the Patterson fields located near Auburn, NY
between November 21 and December 1, 2012, using the CNH FR 9080 harvester (Figure A15). The
harvesting went smoothly and was among the most successful to date. These fields provided a nice
contrast of harvester performance for different cultivar yields. Overall, conditions were excellent and
weather cooperative.
The principal collection system directly used silage trucks, although site conditions necessitated
the use of dump wagons and sugar cane wagons on some days after a spate of flat tires (Figure A16).
Direct loading into a semi-trailer was also tried (Figure A17). There was intensive time-motion data
tracking of the 122 loads of biomass that were collected through the system. Narrow headlands, and
uneven and/or tight row spacing, caused logistical issues like equipment maintenance on some days.
Approximately 1,541 tons of chips from 4-yr-old willow was produced from these fields and
moved to a temporary storage site in 149 truckloads. The standing biomass was 43 Mgwet ha-1 and the
average infield speed of the harvester was approximately 6.8 kph. The effective material capacity of the
harvester was around 67 Mgwet hr-1 and the effective field capacity was 1.6 ha hr-1.

Figure A15: Aerial view of the majority of the 96 acres harvested.
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Figure A16: Harvesting on the Patterson fields near Auburn, NY. The wagon being used here is a sugar
cane wagon that was provided by Case New Holland.

Figure A17: Semi – truck being used as a collection system on the Auburn, NY Harvest
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Groveland, NY
In the winter of 2012- 2013, nearly 15 hectares of willow land was harvested at a cluster of fields
near Groveland, NY. The first harvest in December harvested approximately 12 hectares of willow
making use of the CNH FR 9080 harvester (Figures A18 and A19). The first day of harvest coincided with
a site visit by project cooperators and served as an opportunity to fine-tune data collection based on
experiences gained from the Auburn harvest with a new support crew and a different set of collection
equipment (Figures A20 and A21). Due to the extremely tight headlands, silage trucks were not used as
a collection system; instead, a small dump wagon, a bean picker, and a cane wagon were used in
formation with the harvester. These tractors carried the chips to the edge of the field which were then
transferred into two silage trucks and two semis. The trucks were used to haul the chips from the edge
of the field to the dump site.
The standing biomass at Groveland was 68 Mgwet ha -1 and the infield average speed of the
harvester was 4.6 kph. The harvester effective field capacity was 1.1 ha hr-1 and the effective material
handling capacity was 72 Mgwet hr-1. Approximately 870 tons of wood chips were delivered to a
temporary location in 101 loads.
An additional 3 hectares of dormant willow was harvested in Groveland on February 4, 2013,
bringing the total at Groveland to 15 hectares. The conditions were very challenging with significant
side slopes and greasy ground conditions caused by a blanket of snow insulating the ground and
preventing a deep freeze of the ground. The wood was frozen hard and chips shattered to a much
greater extent than we have seen before. The poor conditions ended the harvest.
The Groveland harvest is considered to be the advanced case model for the willow harvesting
system.
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Figure A18: Aerial view of the Groveland fields. On the left is field 16 which has been completely
harvested. The upper right photos show the remaining fields in relation to field 16.

Figure 19: 3 hectares of field harvested at Groveland before harvesting was shut down due to slopes
and poor soil conditions.
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Figure A20: Harvesting on the Groveland fields. Two bean pickers are photographed operating in
conjunction with the harvester after an exchange.

Figure A21 : A medium-sized 2-wheel dump cart being used as a collection system on the Groveland, NY
harvest in December 2012.
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Appendix A2: Hybrid poplar Harvest Reports
Boardman, OR
Two polar harvests were carried out in Boardman: one in August 2011 and the other in
December 2011 using the CNH FR 9080 harvester. As trials, these operations are not wholly
representative of a mature harvesting system; the fields consisted of a mix of varieties and silvicultural
prescriptions, and the equipment designers were still making engineering modifications to the harvester
itself. However, from a research perspective they provide an excellent opportunity to evaluate a range
of conditions and system configurations and to provide a foundation for tracking improvements to the
overall system.
On August 11, 2011, 8.5 ha of hybrid poplar at the Greenwood Resources (GWR) was harvested
at the Boardman Tree Farm. There were two ten wheeled trucks and a tractor with a manure spreader
operating in support with the harvester (Figure A22). The mean standing biomass of the 1.5 year old
hybrid poplar was approximately 11 Mgwet ha-1. The average infield speed of the harvester was 5.1 kph
and effective field capacity and effective material capacity was 3.13 ha hr -1 and 36 Mgwet hr-1
respectively.
Another 16.5 ha of polar was harvested at Boardman between December 5- 7, 2011. The 16.5
ha comprise of approximately 8 ha of dedicated biomass, 8 ha of biomass intercrop area, and 0.5 ha of
larger previously coppiced hybrid poplar. Ground conditions were vastly improved from the previous
harvest in August because of the regrinding of the old stumps from the last tree crop. The field capacity
was 3.07 ha hr-1, but applying a correction factor of 15% for turning and stoppages, mean effective field
capacity was 2.66 ha hr-1 in the dedicated biomass trial.
The V-shaped potato body trucks used in the harvest were driven by experienced operators who
were able to track with the harvester and make turns at the headlands along with the short turning
harvester. However, the trucks were not as conducive to fast unloading of chips, and had to be
manually assisted by up to three people to unload chips. Overall effective field capacity in the trial was
1.44 ha hr -1 due to slow truck unloading.
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Figure A22: December 2011 harvesting trial utilizing a 10-wheel short body truck in the hybrid poplar
plantations in Boardman, OR.
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Clatskanie, OR
Around 8 hectares of hybrid poplar was harvested on the Lower Columbia Tree Farm near
Clatskanie, OR in August, 2012 (Figure A23). This harvest consisted of undersized, uncoppiced, hybrid
poplar trees with a standing biomass of around 15 Mgwet ha-1. Additionally, this was the first harvest
where outside contractors were using the cutting head with their machine, and only one tractor was
available from which harvested biomass was estimated using bulk density. Thus, the results from this
study are not particularly representative of the hybrid poplar system's potential both from an efficiency
standpoint or from a material capacity standpoint. A standard live floor wagon working alongside the
harvester was used for this harvest.
The average speed of the harvester on field was approximately 5.9 kph with efficiency of nearly
97%. The mean effective field capacity for the harvester was around 1.8 ha hr-1 and the effective
material handling capacity for the harvester was 26 Mgwet hr-1 of hybrid poplar chips.

Figure A23: Harvester and wagon operating on the Lower Columbia Tree Farm near Clatskanie
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Appendix B: Detailed time-motion methodology using GPS.
Collection of time motion data has evolved throughout the project. General summaries of
operations were obtained from the output of the computers on board the FR-9000 series harvesters.
Field observations were additionally collected about harvest/harvester performance. Field reports were
less formal, but contain a variety of information that augment the overall project. GPS units were
frequently used to monitor the movement of the harvester and collection system. Initially, GPS
equipment comprised of off-the-shelf GPS loggers (VisionTac VGPS-900), which have data logging
capability and a claimed accuracy of 1-5 m. However, these units proved unreliable in actual use
because of extensive data gaps due to poor signal lock. Trimble equipment was subsequently adopted.
A Trimble GeoXM unit was ultimately adopted to monitor the harvester; equipped with an external
antenna, the unit is capable of sub-meter accuracy and has a robust methodology. Trimble JunoSB GPS
units were gradually acquired to monitor the collection system; equipped with external antennas, they
are capable of 1-3 m accuracy. Concurrent with improvements in equipment, improved protocols for
field data collection and management were adopted throughout the project to provide redundancy for
key parameters to prevent data gaps and maximize the benefit of GPS data so that the entire system
could be evaluated.
The final protocols used for monitoring harvests were as follows. Prior to harvest, the ends of
every row was flagged with a unique tape color based on cultivar or treatment. At the time of harvest,
GPS units were placed in the harvester and numbered collection vehicles, which collected position
information every second. Due to previous experiences with lost data and faulty GPS equipment, a
complementary array of automated and manual data collection was done to ensure that data gaps could
be filled (i.e. in the case of missed field observations, the vehicles track could be examined in a GIS
database to choose the proper record, and if the GPS data logger failed, field observations could be
used). An observer was positioned in the cab of the harvester with the task of recording the UTC time
associated with field entry and exits, flag color (cultivar), collection system vehicle exchanges, and
causes of extended delays; UTC timestamps were the key variable used to link observations in the time
and motion databases. Similarly, a second observer was placed at the landing or at short term storage
to record and time stamp deliveries, dump times, and biomass weights, also using UTC time as the key
record. After harvest, the two sets of field notes were proofread and annotated as a quality control step
prior to data processing. The primary purpose of the QA/QC step was to flag timing discrepancies in
deliveries and make preliminary matches between delivered loads and harvested legs.
Processing of harvester and collection system time motion data consisted of three steps: (1) GPS
post-processing, differential corrections, and GIS database construction, (2) data processing, and (3)
data analysis. Raw GPS data was post processed, differentially corrected, and exported as a point
records in a shape file using Pathfinder Office (Trimble version 5.4). GIS files were projected in NAD83
for the appropriate region with northings and eastings. Shape file attribute tables were exported to SAS
and processed using proprietary code which subset the data and incorporates observer notes.
The harvester's work is divided into legs, which are comprised of segments of positions with
shared attributes (Figure B1). A leg begins any time conditions change (e.g. the harvester enters or
leaves the field, a collection vehicle departs for the landing, or a new collection vehicle arrives). For
example, legj might consist of a group of points from where tractor "2" engages the harvester mid-field
to the edge of the field where the harvester enters the headland for a turn; by exiting the field legj+1 is
initiated. Segments, or legs, are consecutively numbered and uniquely identified by the time stamp and
location of their control point (i.e. the first point in the segment). Additionally, discretely numbered
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delays/holds are identified within each leg. Delays/holds are defined as the period of time where the
harvester's speed drops below 0.4 mph, twice within 5 seconds, for 5 seconds or more, and separated
by at least 5 seconds from any other delay/hold; delays/holds have their own distinct control points.
Finally, control points for independent loads are also identified; loads serve as the observational unit for
the production aspects of the analyses. In cases where chips are loaded directly into trucks, loads are
usually comprised of contiguous legs. However, when more amorphous collection systems are used,
loads may or may not be comprised of consecutive legs. Delivered loads that share chips from the same
collection vehicle (i.e. when a wagon unloads part of its load into two trucks) are aggregated.

Figure B1: Cycle diagram illustrating how GPS data collected from several vehicles in the harvesting
system were processed and summarized. GPS points are combined into unique legs identified by the
UTC time stamp of their control point (e.g. entering or exiting the field for the harvester, engaging or
disengaging the harvester for collection vehicles). Legs are combined for individual loads. Events such
as vehicle turns can be included or excluded to evaluate the effect of those events on machine
productivity. The timing and number of delays and holds for the harvester are calculated within the leg
where they occur.

Collection vehicle work is divided into cycles. A cycle begins when the vehicle begins to receive
chips, and ends when it returns to the harvester for its next load. A cycle is subdivided into legs where it
is receiving chips from the harvester, travelling inbound to the landing, unloading at the landing (or
short term storage), and travelling outbound to the harvester. Delays and holds for the collection
vehicle are also monitored. Unload times, particularly with regards to wagon transfers into trucks at the
landing, were defined as the time where the collection vehicle begins to align itself with a haul truck, to
the time it begins to pull away. If the collection vehicle did not deliver the material to short-term
storage, two system efficiencies for each load were calculated. One was based on the cycle time of all
vehicles associated with that load to the landing and back, and the second was based on the cycle time
through the landing plus the cycle time of the truck delivering to short-term storage.
Data processing results were used to construct harvester "leg" and "load" databases from which
a variety of summary and performance-based computations can be made (Table B1). Harvester speed
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(kph), effective field capacity (ha hr-1) (EFC), standing biomass (Mgwet ha-1), and effective material
capacity (Mgwet hr-1) (EMC) can be found by summarizing the data based on unique load numbers. Wet
weights are reported given that wet weight drives harvesting costs. Delays and hold times or headland
turn times can be included or excluded from the calculations to evaluate their impact on these
performance parameters. The collection system performance is linked to harvester performance by
calculating a system effective material capacity. The cycle EMC of an individual tractor is defined as load
biomass divided by the cycle time (i.e. the time from the beginning of a load, until the beginning of the
next load). Many collection vehicles are operating in series; therefore, the system EMC is calculated as
the sum of cycle EMCs for all collection vehicles in the system at the inception of each new harvester
load. Since harvester EMC is variable, for any given load system EMC may be greater than harvester
EMC, but over the course of a day mean system EMC must be less than the mean harvester EMC.
Statistical analysis was conducted in the SAS environment (version 9.2) at the alpha = 0.05 level.
The MIXED procedure was used for comparisons of least squared means (e.g. site differences, cultivar
differences nested in site, collection system differences nested in site) as it accounts easily for error
terms associated with unequal sample sizes. The MIXED procedure was used for repeated measures
analysis such as tracking loss of efficiency through the system. The GENMOD procedure was utilized for
simple comparisons where data did not meet normality assumptions (e.g. delay counts per km (negative
binomial), delay time per km (gamma distribution)). The REG procedure was used for regression
analyses. Unless otherwise indicated, delivered loads served as the observational and statistical
replicate with regards to harvester performance.
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Table B1: Definition of time and motion and machinery management terms in the context of this
project and their calculation.
Parameter
Units
Calculation
Time
Travel time between first and last load control points (including or
excluding turns, delays, holds)
Average Speed
kph
Distance between control points / time
Field Speed
kph
Speed in field only excluding all delays and holds
Row Area
ha
Distance between control points in field * width of double row
Delivered Biomass
Mgwet
Biomass transported by collection system to landing or short term
storage based on scale or other method of mass estimation
Standing Biomass Mgwet ha-1 Delivered biomass / Row Area
Delivered
Note: UTC time stamps are used to track material from harvest to
short-term storage
-1
Effective Field
ha hr
Field Area / time (Hunt 2001; ASABE 2011).
Capacity
Notes: In the case of short rotation woody crops, the effective
operating width and theoretical operating width are the same
because unlike other crops, the SRWC rows are discrete.
Additionally, we do not include turn times in our calculations
because they are confounded by poorly laid out headlands and the
operational limits of support vehicles. Thus, the only way to
evaluate the machine only is to evaluate its performance down the
row.
Effective Material
Mgwet hr-1 Biomass / Time (Hunt 2001; ASABE 2011).
Capacity
Note: With regards to evaluating harvester performance alone
harvester performance, denominator time refers to travel time
down the row, including in-field delays, but excluding turns. When
evaluating system performance, denominator time includes all
activities associated with producing a load (e.g. field maintenance
activities such as opening rows are excluded).
Efficiency
percent
Effective Material Capacity / Material Capacity at Field Speed (Hunt
2001; ASABE 2011).
Delay
sec
Any discrete period where GPS speed has fallen below 0.643738
kph (0.4 mph) for 5 seconds or more without recurrence, and
separated from any other discrete delay event by 5 seconds, or
more, of speeds above 0.643738 kph.
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Appendix C - Review of the method and method development used for chip particle size analysis
A William classifier, which is an automatic shaker with a bottom tray and five sieve screens
stacked on top of the bottom tray, was used to analyze the particle size distribution for the wood chip
samples (ASABE 2012a). . The hole sizes of the screens, from bottom to top, are: 1/4'', 1/2'', 3/4'', 1'',
and 1 1/4'' on their longest dimension. The challenge for this mechanical sieving analysis was that some
chips sliding through the screen holes were separated by their width instead of by length; this is referred
to as “spearing”. This challenge is more prevalent for wood chips that are in long, stringy shapes or
cylinders and semi-cylinders such as those generated by harvesting short rotation woody crops.
Spearing has not been solved in literature. The goal of our particle size analysis was to attempt to
overcome this challenge by a) modifying the William classifier screens and b) determining a correction
based on weights.
Modification to the Williams classifier screens
In order to reduce the amount of chips sliding through the screens, the thickness of each screen
was increased by mounting a 12 mm plywood layer with matching size holes to each screen. Thicker
screens create deeper holes, requiring a more pronounced angle before a chip can spear through the
screen. This modification significantly reduced spearing and increased retention of proper chip sizes.
Correction Factor Analysis
Although the modifications corrected some of the issues, it did not eliminate spearing. To
address this, a correction factor was introduced. Twenty samples from two harvesting sites (Auburn, NY
and Groveland, NY) and two willow varieties (Fish Creek and SX67) were analyzed for correction factor.
The two cultivars analyzed represented an extreme shape and size of wood chips (Fish Creek, long, thin,
and stringy), and one typical shape of wood chips (SX67), and were assumed to be able to cover a wide
range of chip shapes. Samples were sorted in the Williams classifier, and individual chips were hand
sorted to determine the mass percentage belonging to each screen size above. See PSD method version
4 below for detailed method description.
To determine whether a - or site-specific correction factor was required, an analysis of the handsorted samples was conducted using the MIXED procedure in SAS (version 9.2). There were no
significant differences in the correction factors between sites or varieties (P>0.05), with one exception.
There were significant differences in the distribution of chips in the 1/4 - 1/2" and 1/2-3/4" size classes
between Auburn and Groveland (P=0.04). Groveland had significantly more chips that belonged in the
1/2 to 3/4" size range, probably due to the greater standing biomass at Groveland. This indicates that
the William classifier with this set of screens was not as effective separating chips smaller than 1/2’’.
However, the overall proportion chips in this size class was only 6.4% of the total mass, therefore, a
single correction factor was utilized for all chips regardless of cultivar type or harvest location.
Table C1 shows the correction factors used. Each value quantifies the average retained mass for
a given screen size, for a given size class, on a percent basis. For example, 100% of the mass retained on
the 1 1/4’’ screen had actual chip size >1 1/4’’; 63% of the mass retained on the 1’’ screen had actual
chip size >1 1/4’’, and 53.2% of the mass on the 3/4’’ screen had actual chip size >1 1/4’’, etc. These
correction factors were uniformly applied to all other load samples to calculate the particle size
distribution.
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Table C1: Mass correction factors for retained chips on screens using modified Williams Classifier.
Screen size
Actual chip size
>1 1/4'' 1'' - 1 1/4'' 3/4'' - 1'' 1/2'' - 3/4'' 1/4'' - 1/2''
< 1/4"
Mass of retained sample (%)
1 1/4''
100
1''
63
37
3/4''
53.2
42.9
5.1
1/2''
26.9
45
19.2
8.7
1/4''
1.5
5.8
14.5
39.7
37.9
Tray
0
0
0
0
0
100

NOTES (7/3/2013):
1. This method is the 4th version of PSD method developed by Shun Shi;
a. The 1st version method used original screens from the William Classifier;
a. The 2nd version uses screens with 0.5 inch plywood inserts (7/8’’, 1’’, 1 1/8’’, 1 1/4’’)
b. The 3rd version uses 1/4’’, 1/2’’, 3/4’’, 1’’, 1 1/4’’ screens, 1’’ and 1 1/4’’ have inserts;
c. Purpose of 4th version: calculate the percentage of chips speared through screens;
2. Conclusions from running the 1st version method using Auburn 2012 harvest samples:
a. Chips would spear through the original thin screens, need to try thicker screens (0.5 inch
as used by Idaho National Lab);
b. Moisture content did not affect the size distribution percentage;
c. Moisture content did not vary between different sizes of chips;
3. Conclusions from running the 2nd version method using Auburn 2012 harvest samples:
a. 0.5 inches insert reduces spearing, but does not eliminate spearing;
4. Conclusion from 3rd version using Auburn 2012 harvest samples:
a. Inserts help to reduce spearing, but not prevent spearing.
b. Recommendation: use 3rd version screens, but characterize the percentage of chips
that should be retained on the screens with larger hole sizes;
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*************************************************************************************
Particle Size Procedure - Version 4 (Developed by Shun Shi):
1. Prepare: brown paper bags, scale, ruler with 1/4’’, 1/2’’, 3/4’’, 1’’, 1 1/4’’ marked;
2. Set up Williams Classifier with the following screens (w/ inserts) in lab 104 Walters: 1/4’’, 1/2’’,
3/4’’, 1’’, 1 1/4’’ screens;
3. Weigh the sample, record total weight on the data sheet;
a. In order to be consistent, use about 1 – 1.5 kg of sample;
4. Add samples to the top screen:
a. Ideally, a monolayer of sample will avoid spearing. Knock over the chips that are set up
on the end.
5. Start the classifier and let it shake for time: 15 seconds;
6. Stop the classifier, weigh the retained sample on each screen respectively;
a. Take screen from top, transfer sample to a spare tray w/o holes;
b. Tare scale with one paper bag;
c. Transfer sample to the paper bag and weigh sample;
7. Pick out the samples that have speared through the screen:
a. From chips retained on 1’’ screen, pick out all chips should have be retained on 1 1/4’’
screen, weigh these picked out chips;
b. From chips retained on 3/4’’ screen, pick out chips that should have been retained on 1
1/4’’ and on 1’’ screens, weigh both groups of chips;
c. From chips retained on 1/2’’ screen, pick out chips for screen 1 1/4’’, 1’’, and 3/4’’,
weigh three groups of chips;
d. From chips retained on 1/4’’ screen, pick out chips for 1 1/4’’, 1’’, and 3/4’’, and 1/2’’,
weigh samples;
e. From chips retained on bottom tray, pick out chips for screens, weigh samples;
8. Calculate the percentage of spearing;
9. Collect samples back to one bag;
10. Draw cumulative particle size distribution graph and also frequency distribution graph for the
samples:
a. Cumulative PSD graph: x-axis –particle size, y-axis - percentage;
b. FDG: x-axis – particle size, y – axis – frequency;
11. Interpret the graph:
a. Percentage of chips that are smaller than certain size (end user interest)
b. Determine wood chip classes according to EN standards.
**********************************************************************************
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Appendix D: Sampling protocol for Wood Chip Piles
Introduction
Wood chips harvested for bioenergy may occasionally require storage prior to delivery to
consumers (Fuller 1985). Presently there are no standardized procedures for monitoring the properties
(temperature, moisture, energy content and/or composition) of these piles within the project. The
purpose of this document is to establish standardized, general sampling procedures for the collection of
samples and placement of data-loggers within chip piles in support of the objective of the project.
Part 1: Pile Establishment
Selection of Piles
Piles may consist of mounds or berms of varying sizes, shapes, and volumes (Appendix A).
Regardless of the shape, piles consist of a core and an outer shell (Figure D1). If the pile is large enough
there may additional differentiation of the pile to include an inner shell and top for which the protocol
below would have to be modified (Figure D2).

Figure D1: Basic anatomy of a wood chip pile.

Figure D2: Basic anatomy of larger wood piles.
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Piles should be created in a way that is as consistent as possible among the piles. The weather,
mode of transport, and site conditions will have an impact on the size and shape of the piles. Larger
piles of at least one tractor trailer load should take precedent as they are operationally the most
desirable, but smaller piles may also be sampled if they are opportunistically created at the time of
harvest or delivery of the wood chips. Since each pile is the experimental unit a minimum of three piles
from the same harvest should be created. Four separate piles is ideal if materials and transportation
equipment is available.
Care should be taken to minimize disturbance of piles due to foot traffic or climbing. Climbing
on piles without protecting slopes should be avoided. Tops of piles should always be mounted by the
same route each time well clear of any sampling probes (preferably this route should be marked or well
designated. Sides of piles should be mounted using a step ladder (or similar device) laid on the slope to
distribute the disturbance and avoid eroding or collapsing the sides of the piles.

Pile dimensions
Pile dimensions should minimally include the long and short axis of the base, the height, and the
long and short axis of the top (unless the top is peaked), these measurements should be taken at the
time of establishment. The azimuth of the long axis should be measured and the angle of repose should
be measured on each axis. Notes should be taken concerning any unusual shapes or bumps. Azimuth
and distance should be taken of any surrounding trees or structures in the vicinity of a pile within twotimes the height of the trees or buildings if there is a potential for shading effects from the trees or
structures.
Instrumentation
The objective of instrumentation is to sample the “core” and “outer shell” of the pile. If the pile
is large enough to have a top and inner core these could be sampled as well if there are enough data
loggers and resources to support the sampling and processing effort. The outer shell is defined as the
outer 2 to 3 feet of surface chips. Instrumentation (i.e. temperature probes attached to data logging
equipment; currently we are using Onset HOBO U12-008 loggers that have been placed in plastic boxes
with holes for the probe wires sealed with silicone) should be placed based on the number of probes
available per pile (Table D1, Figure D3 and D4). Probes should be inserted orthogonal to the angle of
repose to ensure maximum burial. Probes should be inserted using minimal excavations and replacing
chips. The method used was to drive 1-inch angle iron into the pile to with the V pointed toward the top
of the pile. The sensor was inserted to the correct depth attached to a nut on a threaded rod following
the angle iron. The angle iron was removed, and the threaded rod unscrewed and removed, leaving the
probe at the correct depth. Data-logging occurred every hour.
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Table D1. Recommended placement of data-logging probes within wood chip piles based on the
number of probes available per pile (assuming an angle of repose between 35 and 40 degrees)
Probes
Ordinal Locations
Sample Depths
per Pile
(Plan View)
(At right angle to slope)
1
Top Center
(1) Core: 1/2 Pile Height
2
Top Center
(1) Shell: 1.5 ft
(2) Core: 1/2 Pile Height (e.g. 8-ft pile, insert probe 4 ft)
4
North Slope
On each of the slopes sampled, at a point on the pile side-slope
South Slope
2/3rds of the total pile height at time of establishment, sample
or insert probe at a right angle to slope.
(1) Shell: 1.5 ft
(2) Core: 1/2 Pile Height
6
Center
On each of the slopes sampled, at a point on the pile side-slope
North Slope
2/3rds of the total pile height at time of establishment, sample
South Slope
or insert probe at a right angle to slope.
(1) Shell: 1.5 ft
(2) Core: 1/2 Pile Height
8
Center
On each of the slopes sampled, at a point on the pile side-slope
North Slope
2/3rds of the total pile height at time of establishment, sample
Southeast Slope
or insert probe at a right angle to slope.
Southwest Slope
(1) Shell: 1.5 ft
(2) Core: 1/2 Pile Height

Figure D3: Sensor locations based on number of probes available for installation.
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Figure D4: Example of sensor locations on slope of a 10 foot high chip pile. Sensor locations on slopes
are determined using 2/3rds the total pile height, and inserted at a depth of 1.5 ft and a depth equal to
1/2 the total pile height.
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Part 2: Pile Sampling
Frequency
Piles should be sampled regularly, every 2-4 weeks, to determine changes in moisture content
and to collect samples that can be analyzed for composition and nutrient content as required.
Physical Sampling
Physical samples or instantaneous measurements (using meters) should be taken in a manner
that does not disturb established probes (2-ft clearance). Chip grab-samples are preferably collected
using an AFBI Auger (Figure D5) at the same depth as data-logging equipment every 2 to 4 weeks, and
inserted at a right angle to the slope. Samples (~100 g wet minimum) are to be taken per location using
an AFBI Auger and placed in a paper bag. Samples should be weighed (in-bag) immediately to
determine a wet weight. Wet weights can be corrected for the bag weight by weighing 10 dry, unused
bags and calculating an average bag weight. Samples should then be dried at 60 C until they reach a
constant temperature. Samples may be weighed in-bag as long as the 10 bags utilized for bag weights
have been dried along with the collected samples. Care should be taken to avoid disturbing side-slopes
using step ladders or similar method.

Figure D5: An AFBI wood chip auger
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Appendix E: Transportation and Densification of Willow Biomass
Executive Summary
Mesa Reduction Engineering & Processing, Inc. (Mesa), along with the State University of New
York School of Environmental Science and Forestry (SUNY ESF) conducted numerous hybrid willow
harvesting, storage and processing trials during the course of the Department of Energy (DOE) Logistics
demonstration grant. The purpose of the program was to accurately assess the logistics components
necessary to deliver hybrid willow to potential end customers including power generation, pellet
manufacturing, advanced biofuel, fiberboard manufacturing, and other fiber markets. The project
activities took place from September 2009 through November 2013.
The focus of this summary is on the densification trials that were conducted in late 2012 and
early 2013. Willow for the trials was utilized from the Auburn, New York harvesting trials that were
conducted in late fall of 2012 (Figure E1).

Figure E1: Willow Harvesting in Auburn, New York, November 2012.
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Willow Logistics From Field to Tractor Trailer Transport
Willow from the Auburn, New York harvesting trials was delivered to a temporary paved storage
lot in Auburn, New York. The willow was then loaded into tractor trailers and delivered to Mesa’s facility
for the densification trials.

Figure E2: Willow chips being loaded into trucks in Auburn, New York, November 2012.

The successful harvesting in New York of willow during the last quarter of 2012 was impressive.
As outlined above, 10 wheel style forage collection trucks were used to great effect in Auburn. Their
advantage was the chips were blown from the harvester directly into the trucks, which proceeded to
deliver the chips to a scale and then the loading site several miles away using state roads. The trucks
were equipped with floatation tires which helped keep the trucks from rutting the field and also
prevented trucks from getting stuck in the muddy sections of the fields. Average capacity of the forage
trucks was between 10-12 tons.
While the trucks did experience some flats during the operation it was noted that the primary
factor was the headlands where not planted as outlined by SUNY ESF when they were originally
established. If the headlands had been planted as directed, leaving 30 to 50 feet for the harvester and
collection vehicles to turn in and out of the rows, virtually all of the flat tire incidents would have been
eliminated. If field conditions are good, and headland recommendations are followed, using silage
trucks is a very good option.
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Figure E3: Wheel Silage Trucks, Auburn, New York December, 2013

The distance from the field to the scales and chip staging area was approximately 5 mi one way.
During the trials several different configurations were demonstrated including the use of dump wagons
and bean pickers as detailed above. The most efficient model identified during the trials was to utilize 4
of the 10 wheeled silage trucks in order to maintain continuous harvester operation while limiting the
wait time for the trucks to be loaded. This system worked extremely well given the distance to the
staging area, as shown above, as one truck was finishing being loaded the next truck was in position to
receive chips from the harvester eliminating down time. This “Tampa 4” package as it is referred to was
initially demonstrated during a grass harvesting operation in Florida and the logistics appear to work as
well with the short rotation willow crop in New York.
Chip staging was utilized in this demonstration. Given the distance to most of the end users of
the chips including boilers, pellet operations, and mulch operations, it is not economical to deliver the
chips directly from the field in the 10-wheeled agricultural trucks. As a result a staging area was
established in Auburn across the street from a grain mill which was equipped with scales to weigh the
trucks. The 10-wheeled trucks would leave the field and then be weighed at the local feed mill. Chips
were then dumped from the trucks into the paved parking lot. The chips were pushed up into a larger
pile daily in order to provide additional room for 10-wheel truck unloading. Shown below is the picture
of approximately 1,500 tons of chips during the Auburn harvest.
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Figure E4: Willow Chip Pile, Auburn, New York December, 2013

Figure E5: Willow Chip Pile, Auburn, New York December, 2013

Chip Loading into Tractor Trailers. Once sufficient quantities of chips were accumulated in the
parking lot walking floor tractor trailers were utilized to transport the willow chips. Two load-out
procedures were evaluated; one utilizing a farm style telehandler with an extended boom arm and the
other was a large industrial wheel loader. Both methods of loading were successful with the larger
wheel loader providing the best combination of speed of load time and total tonnage on the truck. The
farm size Gehl telehandler shown below came with a standard 3-yard bucket which is very typical for the
regional dairy farms that utilize this type of loader. Loading of the standard 110 to 120 yard capacity
tractor trailer took between 35 and 45 minutes with the telehandler with an average load range of 28
tons per tractor trailer load. The lighter weights when compared to the larger wheel loader discussed
below is primarily due to the chips being dumped from the bucket and not being able to be compressed
with the bucket given the size of the machine.
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Figure E6: Telehandler Truck Loading, Auburn, New York December, 2013

The more efficient method of truck loading occurred with a large bucket loader. The larger
wheel loader shown below is a John Deere 824K with a 13 yard high tip bucket. This machine was
capable of loading the 110 to 120 yard capacity tractor trailers in 17 minutes on average. In addition the
average load weight for the tractor trailers was 31.5 tons as a result of the mass of chips being dumped
into the truck as well as the operator having the ability to compress the chips in the truck with the
bucket. Overall the average truck weight for the Auburn harvested averaged around 29.7 tons per
truck with the largest load weighing 34.57 tons.
Overall the optimal logistics configuration evaluated in Auburn was the utilization of the 10wheeled silage dump trucks, short hauling distance to the weighing and staging area, and the loading
and transport of chips utilizing 120 yard walking floor trucks.
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Figure E7: Industrial Wheel Loader Truck Loading, Auburn, New York December, 2012

1. The trucks were loaded with two common loader styles, an agricultural telehandler and an
industrial bucket loader.
a. Bucket size
Gehel Telehandler was 3 Yards
John Deere 744h with 12 Yard Bucket
b. HP of loader 265 HP
c. Model would be helpful (above)
d. Time to load a truck of a given size
Trucks loaded by the John Deere 110 Yards were loaded on average of 20 minutes.
Trucks loaded with Gehel Telehandler took 45 minutes to load.
e. Rental cost per hour
$75 for telehandler
$100 per hour for Cat Loader
2. For trucks used to haul the biomass
a. Size of trucks in cubic feet
110 Yard Trucks 2970 cubic feet
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b. Listing of loads in weights and truck size so we can track changes in bulk density through
the system and make sure we are using the right numbers at the right stages
c. Rental cost per truck.
$95 per hour.

Willow Processing and Densification Trials - December 2012 through February 2013
The willow was unloaded from the tractor trailers and stored outside in piles prior to being transferred
to the processing line. A series of trials were conducted with the harvested willow chips including
material handling and size reduction configurations using different system configuration settings
discussed below.
Material Handling and Size Reduction Trials
The willow biomass chips were very uniform in size coming out of the harvester and flowed
through the conveyor system at Mesa extremely well. Typical whole tree chips from a forestry chipper
or chips produced at a saw mill typically have a wide range of sizes. The large stringers, which can run
over one foot in length, were not present in the willow chips produced out of the harvester. As a result
there were no observed issues in the transfer points of the conveyors or in the chutes leading to the
grinding equipment. The willow chips flowed will through both the belt conveyors and the augur screw
style conveyors.
One of the primary size reduction technologies used in the trials was performed using Mesa’s
Collision Mill system that has demonstrated a significant capability in processing high moisture content
feedstock like willow. The size reduction of the willow was also achieved without any major issues or
modification to the equipment required. The willow moisture content was higher than conventional
mixed hardwood chips that are routinely processed at Mesa. Initially it was thought that larger screen
sizes in the size reduction mill would be required and that a slower feed rate of chips to the grinders
would be necessary. However, while the willow appeared to have higher moisture content the chips
processed easily through the grinders using the exact configuration of the baseline hardwood chips.
Screen sized ranged from ¾ inch to 1/8 in size inch.
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Figure E8: Photo: Mesa Collision Mill Size Reduction Grinder.
Three types of hammers were used to reduce the willow, a standard square face, a hardened
tip, and a serrated face. When processed with the standard face and hardened tip hammers, the willow
fibers tended to be frayed and were quite fluffy in nature when compared to standard hardwood chips.
The bulk density of the processed willow fluff was 10 pounds per cubic foot compared to 15 pounds per
cubic foot with the standard hardwood chips. It appears the willow fiber in is more pliable and allowed
for the creation of more uniform fiber and the generation of very few fine particles. The serrated faced
hammers provided a more effective size reduction of the willow and generation of limited fines in the
process. If smaller fibers are desired, the serrated hammers provide a more effective method of
reducing the willow.
Grinding Analysis
Willow chips while having higher moisture content when compared to standard hardwood chips
like maple or oak, are significantly easier to grind. All of the motors in the Mesa system are connected
to electronic drives which allow for the capture of energy data from each motor. The drives generate
data that is then captured by the “Drive Wizard” software supplied by the drive vendor. The software
allows real time capture of the energy used by the grinder while the chips are being reduced in size.
Overall willow requires less energy in the size reduction process even with its higher moisture content.
Utilizing the exact same settings on the processing equipment (conveyor speed, screen and hammer
configuration, and dust collection equipment) and processing the same quantities of material, the
willow processing required on average 20% less energy when compared to the standard hardwood
chips.
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Figure E9: Mesa Motor Control Drive Center.

Below is a graph detailing a series of willow and hardwood chip runs that were captured utilizing
the Drive Wizard software. Series 1 data of the below graph provides the baseline load level using the
Mesa CM-8 Collision Mill grinder. The mill draws just over 4 amps with no material being processed
through the machine. Test runs comprised of 100 pounds each were conducted with willow and a mix
of locally available mixed hardwood chips. In the chart below the horizontal axis shows the duration of
the tests in seconds, with the vertical axis giving us the power consumption reading in amps. Series 1
and 2 data shows the CM-8 as it is processing willow chips utilizing two hammer styles, the blunt face
and the serrated edge respectively. The average energy consumption for the willow chip processing is
4.5 amps with the blunt face hammer having a slightly lower energy use. Series 3 data captures the
energy consumption from green mixed hardwood chips made up primarily of maple, oak, and cherry.
The data from these chips shows the significant amount of additional energy required to grind the chips
to the same size as the willow chips.

Figure E10: Time series of amps drawn during the grinding of willow and mixed hardwoods.
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Willow Drying
After the willow chips were reduced in size they were pneumatically transferred to the cyclone
separator where the ground material is discharged through a rotary air lock into the rotary drum dryer.
The transport air is separated from the ground material, filtered, and then discharged. The air entering
the drier is heated on average to around 500 F. The ground willow cascades down the length of the
dryer through a series of paddles which advance the material as the drum rotates. There was no
noticeable difference in the residence time of the willow when compared to standard hardwood chips
even though the willow has higher moisture content upon entering the dryer. Residence time in the
dryer was approximately 35 minutes to obtain a discharge moisture content of under 15%. Outlet
temperatures of the drier were maintained in the 125 F range.

Figure E11: Rotary Drum Dryer
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Willow Storage and Pelleting
After the willow was reduced, sized and dried, the material was pneumatically conveyed to the
storage silo. The silo acts as buffer inventory for the material to be pelletized and allows for precise
discharge and metering to the pellet in feed augur. The lower pipe shown in the picture below receives
fiber from the screening system that handles the pellets after they are discharged from the pellet mill.

Figure E12: Pellet Mill Feed Bin
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The dried willow was then conveyed from the storage silo to the infeed conditioning conveyor where a
small amount of atomized water is introduced. The purpose of the atomized water is to act as a
lubricant and help the wood flow through the pellet die in the mill. The water along with the heat
generated by the pellet die allows for the activation of the lignin in the ground wood which creates a
hard and shiny shell around the pellet. During the trials the amount of atomized water was regulated to
achieve two primary outputs, a hard wood pellet similar to what is used in home heating applications,
and the other was a softer more pliable pellet that can be used as a bedding product.

Figure E13: Pellet die mill.

Pellet Densification Trials
Willow Pellet Quality
As mentioned above, different pellet mill configurations were experimented with during the
course of the project to identify the optimal settings to produce a high quality pellet. Mesa utilized eight
different pellet mill dies to determine the best combination of variables to maximize system throughput
and maintain a high level of consistency. The dies ranges from ¼ to ½ inch in diameter and varied in
length from ¾ to 1 ¼ inch. In producing the fuel pellet, the ¼ inch diameter and 1 inch die length made
the most consistent and hard pellet with a nice glossy shine exterior. The willow pellets were somewhat
brighter in color and gave off a sweeter smell when compared to the standard mixed hardwood pellets
that are produced for residential pellet stoves. In addition to making a comparable combustion pellet,
Mesa also experimented with making a “loose” pellet which is typically utilized in bedding applications.
Based on the brighter appearance of the willow and its more fragrant smell, the bedding pellets were
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very comparable to the standard pine pellet used in bedding applications. The willow pellets performed
well in a standard drop test, where the pellets are allowed to fall from 3 feet and there quality evaluated
for breakage or dust creation. There was very little dust or breakage resulting from the test.

Figure E14: Clockwise from top left, Willow Combustion Pellet, Willow Bedding Pellet, Standard Mixed
Hardwood Pellet at bottom.

In testing the burn quality of the willow pellets, several different stoves were utilized in the trial
including Continental, Enviro, and Harman. All of the stoves utilized a standard burn pot design with no
ash removal system. In all of the stoves that were tested, the willow pellets did have a greater
propensity to form a white colored ash in the burn pot and ash collection bin. This was expected due to
the bark being present in the incoming willow chip material. Standard wood pellets are made from
clean debarked chips so it is no surprise of the higher appearance of ash resulting from the willow
combustion. Mesa also produced blended pellets using 50% willow and 50% conventional debarked
chips which resulted in much better combustions characteristics and lower ash residuals in the burn pot.
Additional characterization work is necessary to understand the performance of willow pellets in
conventional pellet combustion equipment. There is likely a correlation in the chemical composition of
the willow and the resulting production of ash. It is recommended that to utilize willow pellets in a
combustion system a consumer should use of a pellet stove or boiler with an ash removal system.
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Figure E15: Residual Mixed Hardwood Pellet Ash in the Pellet Stove Burn Pot

Figure E16: Residual Willow Pellet Ash in the Pellet Stove Burn Pot
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Figure E17: Bottom ash showing the darker hardwood pellet ash on the bottom with the white willow
pellet ash on the top.
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Appendix F: Chip Collection Equipment
Table F1: List of significant chip collection equipment tested over the course of the project.
Type

Model

Forage harvester
Forage harvester
Bean picker
Cane wagon
Loader
Loader
Silage truck
Silage truck
Self unloading forage wagon
Blower
Self unloading forage wagon
Tractor with dump wagon
Tractor with dump wagon
Tractor with dump wagon

New Holland FR - 9080
New Holland FR - 9060
Pixall Big Jack
John Deere 4450
John Deere
Gehl Telehandler
1997 Mack DM 690S
2001 Mack CH613
Meyer 3000 series
H&S 860
John Deere 6130 D
Case IH 4240
Richardton 700 dump wagon
Case International 7120

Fuel consumption
(gal/hr)
34
25
7.2
8.5
6.1
11
12
16
5.5
3.3
5.5
4.7
4.7
6
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Horse power

685
591
173
140
140
265
300
350
125
75
129
104
104
135

Rental Cost ($/hr)

350
350
45
105
75
100
70
70
105
91
105
105
105
100

Site used

Groveland
Lafayette
Groveland
Groveland
Groveland
Groveland
Groveland
Groveland
Lafayette
Lafayette
Clatskanie
Constableville
Westfield
Canastota

Appendix G: Tables summarizing project deliverables by task area as described in the original
statement of project objectives.
Task 1. Develop, tune, test, and deploy a single-pass cut and chip harvesting system that can be used
in a range of willow and hybrid poplar cropping systems across the United States.
Stated Deliverable or Objective
Task 1.1: Testing and Tuning
Range of field sizes and crop varieties will be tested
End user feedback obtained on harvested materials
Stool Damage assessed
Subsequent impact on regrowth assessed
GPS and Written log will be used to asses harvester efficiency, stoppages, and turn times
Harvest materials will be accessed/sampled during operation
Short Rotation Coppice Woody Biomass Cutting Header will be available for willow and hybrid poplar
As harvest occurs, bottlenecks and action steps will be identified and the harvesting system modified
Data incorporated into economic model
Task 1.2: Harvest During Different Times of Year
A growing-season harvest will occur at least once in willow and hybrid poplar
End users feedback obtained on harvested material
Data incorporated into economic model
Task 2. Develop and refine one or more handling systems that will effectively and efficiently move
SRWC chips produced with the harvester in Task 1 from the field to the end user.
Stated Deliverable or Objective
Test two different collection and handling systems (harvester to roadside)
Obtain feedback from equipment operators
Generate operation summary for each system (bottlenecks and limitations)
Incorporate data in economic model
Use information to improve system
Task 3. Monitor changes in wood quality for chips of different sizes, harvested at different times of
the year, and stored under a variety of conditions.
Stated Deliverable or Objective
Test storage of chips and track loss in quality
Test chip piles of various sizes
Test different drying techniques
Collect samples (inner core and outer shell)
Incorporate information in biomass supply model (staging, storage, transport distances and options,
satellite and on site processing)
Track chemistry, physical properties, energy, and moisture content of chips
Task 4. Assess and document the impact of harvesting improvements on the economics of SRWC
feedstock supply systems.
Stated Deliverable or Objective
Hybrid poplar discounted cash flow model will be modified using information from previous tasks
EcoWillow cash flow model will be modified using information from previous tasks
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