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Engineering (ABEN) of North Dakota State University (NDSU) and submitted to the North Dakota
Industrial Commission (NDIC) that jointly funded this research project. Neither the ABEN/NDSU nor
any of its employees makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any results/information, apparatus, product,
or process disclosed or represents that its use would not infringe privately owned rights due to the
research nature of the performed work. Mention of any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its
endorsement or recommendation by the NDSU for the exclusion of other similar products that will be
equally suitable.
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This report was prepared by the ABEN of NDSU pursuant to an agreement jointly funded by the NDIC
Renewable Energy Program, and neither the NDSU nor any of its subcontractors nor the NDIC nor any
person acting on behalf of either:

(A) Makes any warranty or representation, express or implied, with respect to the accuracy,
completeness, or usefulness of the information contained in this report or that the use of any results or
information, apparatus, method, or process disclosed in this report may not infringe privately owned
rights; or

(B) Assumes any liabilities with respect to the use of, or for damages resulting from the use of, any
results or information, apparatus, method, or process disclosed in this report. Reference herein to any
specific commercial product, process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by
the NDIC. The views and opinions of authors expressed herein do not necessarily state or reflect
those of the NDIC.
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ABSTRACT

A substantial void exists among producers and processors of North Dakota biomass regarding its
quality, suitability for densification, and energy applications. North Dakota State University
(NDSU) Research Extension Centers (REC) have initiated 10-year biomass research trials at 5
locations and 50 alternative mixtures. However, facilities to test these materials are scarce.
Moreover, new processors in the state (GRE and other biomass based industries) also have need
for independent material testing in advance of market development. Evaluation of the physical
and thermal characteristics of raw and processed biomass forms the important phase of
evaluation of baseline data. This information guides various efficient operations of biomass
processing and handling as well as aiding in development of new processes.

This two year, $450,000 equipment grant project established a “Biomass Testing Laboratory”
(BTL). Four major pieces of equipment (thermo gravimetric analyzer, universal testing machine,
environment control chamber, and calorimeter) were purchased, installed and tested successfully.
The lab has the capability to evaluate physical and thermal characteristics of diverse ND
feedstock and densified biomass. In addition to being a new resource available to researchers, the
equipment would be available to producers and processors seeking biomass quality information.
The project was lead by the Department of Agricultural and Biosystems Engineering, NDSU in
collaboration with NGPRL, USDA-ARS at Mandan. The test results of various biomass
feedstocks studied are described in this final report. The lab is fully operational from June 2012.

Total Project Cost: $450,000 (NDIC cash award: $225,000)
Participants: NDSU and NGPRL, USDA-ARS

Principal Investigators:
Dr. Igathinathane Cannayen, Agricultural and Biosystems Engineering, NDSU
Dr. Cole Gustafson (deceased, 2012), Agribusiness and Applied Economics, NDSU




1. INTRODUCTION

1.1. Objectives

Establish a Biomass Testing Laboratory (BTL) to evaluate physical and thermal characteristics
of diverse North Dakota feedstocks and densified biomass products that have commercial market
potential.

1.2. Background

Measurement of relevant physical, mechanical and thermal properties of North Dakota’s biomass
resources is the first essential stage towards market development, commercialization, and
formation of purchase contracts. These biomass characteristics influence a) design and
development of biomass processing machinery, b) optimized operation of processing machinery,
c¢) mechanical strength of biomass and products, d) economics of product and energy production,
and e) feasibility of alternative biomass species for densification and energy applications.

Raw biomass is low value, bulky, and expensive to transport. Yet, processors seek to diversify
biomass purchases regionally to minimize production disruptions due to adverse weather and
spread economic impacts of their activity farther. Consequently, a need exists to densify
biomass and reduce transportation costs. However, optimal densification often requires pre-
grinding.

Mechanical properties of biomass, such as compression, tension, and shear strength directly
influence the size reduction process (e.g. grinding), energy expended and economics. Proper
mechanical strength analysis of biomass helps in identifying the best method for efficient
grinding and possible development of an efficient grinder. Biomass testing and quality analyses
will also be performed on densified products, such as stored compressed bales, pellets, and
briquettes. The testing of material before and after a densification provides important
information on energy and mechanical efficiency. The mechanical strength of products, such as
pellets, can be well correlated to their durability (integrity) during handling and transportation.

Moisture content is the single most important characteristic that influences most physical,
mechanical, and thermal properties of biomass. Hence, these properties need to be reported
against moisture content. When developing an industry, biomass testing is an integral joint
process that establishes quality benchmarks, which facilitate trade, develops opportunities for
additional value creation through blending and densification, and leads to systemic improvement
in production efficiency and cost reduction. The various tests required performing size reduction,
densification (pelleting, compaction, etc), and energy characteristics of the biomass and the
products are shown in Fig. 1.
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Fig. 1. Biomass testing laboratory activities on dimensional, physical, and thermal
characteristics determination of selected biomass

1.3. Methodology

Well-established procedures to determine the various properties (Fig. 1) were available in
standard materials that include technical journal articles, standards, and supplied manuals of the
equipment. Since measurements are based on standard protocols, the success of utilizing the
equipment of the project follows automatically, once equipment are installed and tested. In a
sense, measurement of these properties is straightforward. However, with application of
mathematical modeling (e.g. moisture hydration) and statistical analysis the results can be well
interpreted and represented.

1.4. Facilities

The Northern Great Plains Research Laboratory (NGPRL), USDA-ARS, Mandan, ND has
provided a laboratory space of 20 feet by 30 feet (600 ft*; “in-kind” match) with necessary
scientific laboratory facilities for the BTL. Other facilities such as NDSU Biomass Preprocessing
Laboratory (1800 ft*) will also be used to support the activities of BTL. Capabilities of the
laboratory were further developed using other funds (NDSU) that include several equipment that
include muffle furnace, drying oven, commercial microwave oven, durometer, desiccators,
weighing scale, hot-wire hygrometer, anemometer, infrared temperature gun, and digital
temperature probe, analytical balance, digital calipers, machine vision application system using
digital high resolution scanners, fluorescent illuminators, magnifiers, and computer, Wiley and
hammer mills, pellet mill (10 hp). Fresh samples were also stored in BPL using cabinet and
upright freezers. Necessary power (band saw and cordless drill/driver) and hand tools (wrenches
and spanners) were also available for maintenance, repair, and small fabrication, and utility carts

for sample handling. The capabilities of these labs were currently expanded as several
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equipment/devices were being added through other project funds.

Feedstock from NGPRL, USDA-ARS, Mandan, ND research plots, Research and Extension
Centers (REC) of NDSU, and agricultural suppliers were used for biomass performance testing.
The central location of this testing facility will provide ready access to all state residents and
researchers. The site also offers ample acreage for biomass production studies and the new
faculty member is expected to collaborate with other NDSU and NGPRL scientists already
working there on various biomass production trials. This growing network of scientists and
engineers includes: (1) agronomists working on biomass production and ecological modeling,
(2) engineers working on biomass harvest, densification, and storage, and (3) end users, such as
GRE testing biomass co-firing and other NDSU researchers in Fargo using materials for
fermentation to ethanol. This collaboration will help integrate results across the biomass supply
chain to show producers and processors which crops will be most desirable in North Dakota.

1.5. Major Equipment Purchased through this Project

The four major pieces of equipment, such as (1) thermo gravimetric analyzer, (2) universal
testing machine, (3) environmental control chamber, and (4) calorimeter were purchased through
this project for the BTL. An illustration and short description of the application of these
equipment is given below (Fig. 2).

Thermal Analyzer  Universal Testing Machine  Environment Chamber Calorimeter

-Biomass burning point -Biomass mechanical strength  -Biomass simulated storage -Biomass energy content
-Energy released -Grinding energy -Quality change -Calorific value (CV)
-Thermal binding -Pelleting energy -Storage loss -Moisture effect on CV

Fig. 2. Major equipment of Biomass Testing Laboratory and their applications

This NDIC fund is essential an equipment grant. These equipment were purchased through
Department of Agricultural and Biosystems Engineering (ABEN), North Dakota State University
(NDSU) purchase procedure. The NDIC contract number for this project is R-008-018
(Appendix-I). The NDSU project information for this project is Fund Number: 46000, Control
Dept: 7620, Program #: 01463, and Project#: FAR0016577. These equipment were installed at
BTL of NGPRL, USDA-ARS, Mandan, ND. The description of these equipment, measurement
technique, and results are given in appropriate sections later (Sec. 2). Although there were some
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issues during installation (Appendix-1V) that affected the productivity, these equipment were
successfully installed and tested and they are fully operational from June 2012.

1.6. Application of the Project

The results will find application in aiding efficient industrial operations, handling, and quality
control. The results will give producers knowledge about the quality of their biomass product
and its value. This provides a better understanding of how simple value-added steps, such as
controlling moisture (drying) and pelleting would command a premium price. Similarly, the
results will help the industrial processors know the quality of the material they receive from the
producers and appropriately price the supplied biomass and their products. This is similar to the
quality control laboratory of established industries such as grain, feed, and dairy processing.
Thus, the laboratory will help ascertain the quality for both parties (farmers and industry)
involved in biomass utilization in North Dakota. Hence, the laboratory forms a vital link in the
ultimate goal of developing a bio-based industry and market in North Dakota.

Knowledge of the biomass material from the standpoint of producers and processors is highly
important in supporting and sustaining the supply and production of bio-based industrial
development. The outputs of the BTL influence all the processing, handling, and utilization
activities of biomass based industries. Quality attribute determination also guides efficient
operations at every stage thereby improving the economic impact of biomass utilization.
Cataloging the physical and thermal characteristics will also lead to the establishment of biomass
quality standards that will be useful to both producers and processors.

Quality assessment of feedstocks and densified products is of prime importance to the biomass
industry. Hence for the development of biobased industries, the quality attributes of the
feedstock, various intermediate products of processing stages, and the final product need to be
assessed to ensure overall success of the industrial operation. The producers need to know about
the quality attributes of their produce to meet the requirements of processing industries.
Producers will also recognize the value of their feedstock from the quality attributes for proper
pricing of their produce, and possible premium if their produce exceeds set quality standards.
Biomass characterization procedures and results of the laboratory will be useful to the
entrepreneurial and established industries equally. Therefore the BTL will have a supporting role
in the development of biobased industries of the state.

Development of bio-based industries in the state, including allied industries of supply, logistics,
and product streams of bioenergy and bioproducts, is a positive step towards clean, renewable,
and homegrown energy and products. The activity of the BTL that supports North Dakota
biomass and their products is an integral part of establishing a biomass industry in the state.
Thus, the ultimate goal of this laboratory project is to serve as an important component of
biomass input and product quality evaluation in biomass processing in the state.
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Characterization of the input and output material determines whether a particular process is
yielding the desired outcome. Because the cellulosic biomass based industry is in its infancy in
the state, special emphasis needs to be given to characterization of locally available, homegrown
biomass crops, and assess their suitability for value-added processing. Although knowledge
generated from other parts of the country serves as a basic guideline, the BTL addresses specific
local biomass production opportunities and the individual needs of local proprietary processing
methods. Various component operations of the whole processing chain need to be properly
understood, developed, and efficiently operated. Since such facilities do not exist in North
Dakota, this project assumes greater importance serving to the benefit of the local communities
and the state. Needless to say, establishment and maintenance of this laboratory is the initial, yet
indispensable, step in creating North Dakota’s future cellulosic biomass based industry and
economy.

Technical data in a form that guides efficient and economical market development at every
process step is not readily available. This proposed laboratory will address bridging this gap, and
positively impact the establishment of bio-based industries in the state. Creation of this
laboratory will help producers determine the quality of their products and learn how they will be
compensated for their resources. Similarly, the processors can assess the quality and value of
their products. The laboratory will continue to serve as a testing facility to serve the needs of
farmers, researchers, industrial personnel, entrepreneurs, and general public of the state.
Consolidated results will be published as factsheets, extension bulletins, journal articles,

demonstrations, and presentations for everyone to use. The presence of NDSU Extension across
the state, a wealth of faculty research expertise, and contacts with agricultural leaders, energy
firms, and environmental groups assure development and delivery of high quality educational
materials targeted to the specific interests of potential attendees.




2. MATERIALS AND METHODS

2.1. Test Material

Biomass feedstock materials from the fields of NGPRL grown in 2011 were used as the test
material. Biomass crops tested include corn stalks, switchgrass, big bluestem, bromegrass, and
wheat straw. As these biomass were collected after full maturity and allowed to dry in the field
or storage they are mostly dry.

2.2. Moisture Content

The procedure of ASABE Standards 2008 (S358.2 Moisture Measurement — Forages, ASABE,
St. Joseph, MI) was used to determine the moisture content of the samples. Three replications
were used for each biomass. Samples were oven dried at 103 °C for 24 h and mass measurements
were recorded using a 0.0001 g accuracy analytical balance. From the initial and final (bone dry)
masses, the moisture content was evaluated and expressed in percent wet basis (% w.b.).

2.3. Description and Principle of Operation of Equipment

Following is a brief description, principle of operation, and experimental procedure followed for
the four major equipment purchased in this project.

2.3.1. Thermal Analyzer - TGA/DSC

Description:

Thermal analyzer (Model — Mettler Toledo; TGA/DSC1/SF) that produces the thermo-
gravimetric analysis (TGA) and differential scanning calorimetry (DSC) characteristics curves of
biomass samples when they are subjected to different type of thermal environments. The system
consists mainly of the TGA/DSC unit (Appendix-II), computerized control, specialty gas (e.g.
nitrogen, air), cooling water unit, and analytical balance (Fig. 3).

Principle of Operation:

TGA/DSC unit consist of a precision electrical furnace (ambient to 1100 °C) where a precision
cantilever arm microbalance (microgram resolution) holds the sample (about 50 mg) while
furnace environment is filled with specialty gases (e.g. nitrogen, helium, argon, air) of metered
flow rate. The furnace temperature can be controlled so that a combination of constant




Fig. 3. Thermal analyzer - installed with analytical balance and computer controls

(isothermal) or dynamic (adiabatic; increase or decrease; e.g. 20 K/min) can be programmed and
the sample will be subjected to these temperature and gaseous (up to 3 gases can be chosen)
environment. While the sample was under specified thermal and gas composition, the mass of
the sample (TGA curve) and the temperature of the sample as well as the temperature of the
reference (microbalance pan) were recorded (DSC) continuously. TGA and DSC are
characteristics of the sample and gives good insight of their thermal behavior. Loss of moisture
and volatiles will give sudden drops in TGA curves, and melting and burning events will give
peaks/valleys in DSC.

A calibration test results with material of known melting point used to verify/calibrate the system
is shown in figure 4. It can be seen from the calibration results, the calibration sample materials
such as indium, zinc, aluminum, and gold exhibited sharp melting peaks at their respective
melting temperatures that can be read from the temperature (x) axis or from the textual outputs of
the operating software on the curve. Such calibration ensures the system is operating correctly
and can be used to study actual samples (unknown) materials.
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Fig. 4. DSC curves of standards (metals) — calibration curves

Experimental Procedure:
An overall step-by-step experimental procedure for operation is presented as follows:

1. Open the supply of purge (e.g. nitrogen) and reaction gases (e.g. air) and ensure
appropriate pressure (e.g. 30 bar).
Switch on the water cooler (chiller unit and control panel).
Switch on the gas control unit of TGA/DSC system.
Switch on the TGA/DSC system.
Enough time is allowed for the system to stabilize the temperature (e.g. 2 h) before actual
experiments. If experiments are to be conducted daily the cooler and the system should
be left on (recommended). The power saving mode will take care of the system.
Open the computer control program (e.g. STARe) that runs the system.
Open the “methods” file that stores all the temperature and gas profiles to be subjected to
the samples. New method files can be created or existing can be copied and edited to suit
the particular experiment. Some of the common inputs are selection of gases at different
temperatures, isothermal and dynamic temperature selection, heating or cooling rates, and
start and end temperature of heating and cooling events.
A small quantity of biomass (about 50 or less microgram) sample to be tested should be
weighed in the alumina micro-crucible (70 microgram) so that the sample occupies about




a third of the micro-crucible volume. High precision analytical balance 0.0001 g should
be used to measure the sample mass. The net sample mass can be input while launching
the “method” from computer to start the system. Moisture content of the sample should
be evaluated separately.

. Using the system touch screen display (SmartSens Terminal) the furnace was opened for
loading the crucible with sample on to the pan of the system microbalance.

. Close the furnace using touch screen display.

. Input the test conditions (e.g. sample name, sample size, ID number, replication, etc.) in
appropriate fields or comment text boxes through the software.

. Press start button from the control software. This will make the method to go to the
“Experiments - on module” state and will wait for the users action.

. Press “Proceed” button on the system touch screen to start the experiment. The terminal
will show any combination of the temperature of furnace, temperature of the sample, or
mass of the sample that were chosen (that can be changed).

. The computer monitor will display both the TGA and DSC curves as the experiment
proceeds.

. The experiment will proceed up to the final temperature specified and the furnace after
completion will return automatically ambient temperature (cooling return phase). During
which time the next sample (as well as method if required) can be prepared.

. After reaching the ambient condition noted from the system touch screen terminal, the
furnace can be opened and the crucible was unloaded and final mass measured.

. Usually a run with empty crucible (blank) was performed before running the actual
(crucible + material) sample. This combination of blank and actual sample will nullify the
effect of crucible and determine the thermal characteristics of only the sample.

. Proper cleaning procedure suggested should be applied for reusing the crucibles (muftle
furnace heating to clean them).

. Generated curves can be opened using “evaluation” commands that could evaluate
several outputs (e.g. integration — area under curve, onset and end points of events, pdf
outputs of curves).

. A change in “method” always needs a run of blank before actual experiments so that
proper blank separation occurs with the altered method.

. Calibration using standard materials (supplied or purchased) should be carried out once a
year using the special calibration “method” already available in the control software
methods archive. Similarly the system backup (methods and results) should be performed
regularly using appropriate commands.

. Shutdown procedure should follow the opposite direction of various operations outlined
thus far.




2.3.2. Universal Testing Machine (UTM)

Description:

UTM produces the force-displacement characteristics of samples when subjected to mechanical
modes of forces such as shear, tension, and compression. These mechanical characteristics will
evaluate the mechanical strength properties of the biomass material that is unique to sample
species. The system consists mainly of the basic unit with frame, crosshead, and load cells,
(Appendix-II), computerized control, specialty attachments (e.g. shearing device, tensile grips,
cutting device, compression platens), and printer (Fig. 5).

Fig. 5. Universal testing machine with tensile grips for tensile strength testing for biomass
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Principle of Operation:

The high capacity universal testing machine (Model - MTI) is a standard device for quantifying
mechanical strength characteristic of biomass materials. The UTM essentially applies force to
the sample (load) with precision movement (deformation or displacement) and records the force
and displacement. Increase in load indicates high strength while sudden decrease the failure of
the material. After a complete failure the load goes to the zero or minimum level. Computer
software controls the device. The UTM, with suitable attachments, can produce load-deformation
curves of biomass samples during compression, tension, and shear modes. From these load-
deformation curves, the mechanical strength (e.g. cutting, crushing, shearing, friction, tensile,
breaking, bending) of the biomass materials and associated energy can be obtained for analysis.
These results can be used to evaluate the energy requirement for grinding and densification of
biomass material.

Experimental Procedure:
An overall step-by-step experimental procedure for operation is presented as follows:

Prepare the sample. Tensile testing requires notching, while shear and cutting do not.
Evaluate the moisture content of the sample.

Load the sample in the attachment.

Set the crosshead limits according to the type of the experiment using the limiting nuts
behind the crosshead.

Through the computer control (MTI System Software), the type of tests (tensile or
compression) can be performed by selecting appropriate procedure files (Setup Condition
File).

Through the software it is possible to select the type of plot (stress vs strain or force vs
displacement), specify X and Y axis labels and limits, specification of load cell, cross
section geometry of samples, output units, data plotting as points or line connecting

points, speed and direction of crosshead, load limits to specify stoppage conditions, file
storage location, etc. Pressing “...Proceed to Test” initiates the testing.

The width and thickness or diameter based on the geometry can be input after measuring
these dimensions using calipers. The “Proceed” command button will start the test.

The software controls the entire test and the results will appear in the form of X-Y curve.
Results will appear in the form of curve and numerical data, and the analysis results and
other options can be made available by pressing “Switch Graph” command button.

. The ascii results of X-Y data stored in specified location can be analyzed using a
spreadsheet application to determine the energy involved (area under force-
displacement).

11. Proper selection of crosshead speed should be selected to obtain the good curve with
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sufficient data for analysis.

12. The parasitic forces (friction) associated with each attachment were compensated by
conducting a no-load test (blank) and subtracting this characteristics from that with the
sample separately using the spreadsheet program.

13. Based on the data obtained proper number of replications should be used in the
experiment.

Developed UTM Attachments:

UTM system is a basic unit on which specific attachment should be used to perform different
types of strength testing. Most of these are rarely available that are suitable to use with biomass
feedstocks. Thus these attachments for biomass testing need to designed, developed and
fabricated locally. We have designed and fabricated three attachments and some of the drawings
and fabricated attachments are shown here under.

A. Double-shear device attachment:

The double-shear device (Fig. 6) consists of a cage (Fig. 6. bottom left) and a solid insert (Fig. 6.
bottom right) that slides freely inside the cage. Matching holes of various sizes ranging from 's”
to 1'4” that run through both the case on insert. Cage is attached to the bed of the UTM that
contained the load cell and the insert is attached to the crosshead. Load cell can be either
attached on the bed or crosshead of UTM — and both arrangements are technically equal.

Stem of selected biomass, after dimension measurements, was inserted through appropriate hole
and the UTM was operated through software and the mechanical strength characteristic curves
obtained. Testing will proceed until the sample was sheared by the action of upward moving
crosshead. It can be noted that two planes of failure (3 pieces) results, hence the name double-
shear. The failure force thus was actually responsible for this two shear areas generated. From
the force and distance data the shear strength is calculated as follows:

T= s x107°

=

where, 7 is the shear stress at failure, Mpa; F; the shear force at failure, N; and 4, the single
failure area of sample, m” (two shear areas result).

The area under the force-displacement curve between suitable start and end limits will represent
the shear energy (N m). Specific shear energy (per unit area) was then calculated by dividing the
shear energy by the area of failure (N m™).
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Fig. 6. Technical drawing of the designed double-shear device for shear strength of biomass
with capability to test samples from grasses to corn stalks

Failure area of sample based on whether hollow or solid was calculated using the following

equations:

Solid stem: A, = %DZ

Hollow stem: A, = %(D2 -d?)
Where, D is the outer diameter of the stem, m; and d is the inner diameter of the hollow stem, m.
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Fig. 7. Indigenously designed and fabricated double-shear device attachment for shear
strength determination of biomass

B. Tensile grip attachment:

Commercial tensile grip (Curtis “Sure Grip”) clamps attachment was used for tensile testing of
biomass stems (Fig. 8). The grip jaws held selected biomass stems. Slipping was avoided by
wrapping the ends using emery paper before gripping. Notch was given on the approximate
middle portion of the stem to ensure breakage occurs on the region of the notch. Dimension of
the notch area and wall thickness were measured using digital calipers, from which the area of
failure will be evaluated.

UTM was operated through the software selecting appropriate tensile strength testing procedure
and the mechanical strength characteristic curves obtained. Testing will proceed until the sample
was failed under tension by the upward action of the moving crosshead. It can be noted only one
plane of failure (2 pieces) result in tensile tests. The failure force thus was actually responsible
for the single tensile failure area generated. From the force and distance data the tensile strength

15




and energy are calculated as follows:

Gzixlo_6

where, o is the tensile stress at failure, Mpa; F; the tensile force at failure, N; and 4, the failure
area of sample, m”.

Fig. 8. Commercial tensile grips (Curtis “Sure Grip”) attachment used in the tensile
strength determination of biomass

Failure area of sample is usually rectangular and was calculated using the following equation:
A=W xT

where, W is width of the failure area under tension, m; and 7 is the failure area under tension
diameter of the stem, m. and d is the inner diameter of the hollow stem, m. Several
measurements should be made and the average values of W and T should be used in the
calculations.




C. Biomass cutting attachment:

Biomass cutting attachment is essentially a modified Warner-Bratzler shear device, which was
originally meant for testing of typical softer food products. The cutting edge of the blade of the
device is blunt and the blade comes in two configurations, the straight blade used for rectangular
specimens, and the notched blade used for cylindrical specimens. Thus the existing cutting edge
of the blade being blunt was not suitable for cutting corn stalks or similar tougher biomass
materials such as corn stalks. Therefore, we modified the blunt edge of the notched blade into a
sharp cutting edge; hence called “Modified Warner-Bratzler” shear device. The attachment
essentially has a block with two vertical guides, horizontal guide or platform, two solid support
columns (Fig. 9 - left) and a moving blade (Fig. 9 — right).

Bevel frale of Blades
vV ¥

3+3 each bevd f’"?/‘

Fig. 9. Freehand sketch of designed modified Warner-Bratzler cutting device for cutting
strength determination for biomass; Right — design of self-aligning knife

Guides, horizontal platform, and support columns were bolted together by screws (Fig. 10).
Blade is attached to the crosshead and the block was simply kept on the bed of the UTM on the
load cell. Cutting load is applied in compressive mode. Guides allow the blade to self-align, and
the blade fully penetrates and emerges on the other side of the horizontal platform. A bevel angle
of 30° was used. The triangular notch of the blade helps self-centering of samples during cutting.
All the components (Fig. 10 — left) can be easily assembled (Fig. 10 - right) and cutting energy of
biomass stalks can be tested.
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Fig. 10. Components of the indigenously designed modified Warner-Bratzler cutting device
for cutting strength determination for biomass; Right — assembly of components
illustrating cutting of corn stalks

A typical cutting force-displacement characteristics could contain several regions explaining the
nature of the cutting process as depicted in figure 11. Similar regions can also be indentified in

[ initial compression
Initial cutting of skin
[ skin and pith cutting
[] Final cutting of skin
B cCutting completed

Load (force units)

Model corn stalk
rpendicular to blade

Displacement (distance units)
Fig. 11. Typical distinct regions of the corn stalk cutting force-displacement characteristics

(Source: Igathinathane et al. 2010. Corn stalk orientation effect on mechanical cutting.
Biosystems Engineering 107: 97-106)
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cutting characteristics of other biomass crops. Cutting force and energy calculations are similar
to tensile testing procedure (refer equations presented already), while the differences are in the
mode of failure and direction of travel of cross heads. The area of cross-section should be based
on the geometry of the stalks. Most of the stems will follow the elliptical cross-section and the
new area of cut is given by:

T
=—axb
&4><

where, 4. is the elliptical cross-sectional area of stalk in cutting failure, mz; a is major axis (or
width) of the stalk, m; b is the minor axis (or thickness) of the stalk, m. This cross-sectional area
will be used in appropriate equations (see tensile strength) to obtain the cutting stress and energy
required. In this report such cutting energy measurements are not reported, but will be
subsequently added.

2.3.3. Environment Control Chamber (ECC)

Description:

ECC (Model — ESPEC, BTX-475, 4 ft) is capable of maintaining an environment of constant
temperature and relative humidity (RH) with proper controlled air circulation (Fig. 12). Practical
range of temperature and RH are approximately 15 to 85 °C and 10% to 95%, respectively
(Appendix-II). The unit consists of an airtight chamber, a refrigeration system, a water bath, dry
and wet bulb thermometer, trays to hold samples, a circulation fan, and electronic controls.

Principle of Operation:

ECC continuously conditions air and circulate inside the chamber. Temperature is controlled by
electrical heater (increase) as well as refrigeration unit (decrease). RH is controlled by water bath
(increase) as well as refrigeration unit (decrease). Water bath pumps moisture into the air
(increases RH) and refrigeration unit condenses moisture (decreases RH). The condensing
moisture is actually separated from the air thus decreases RH of the air. Purified water at
pressure of 20-50 psi supplied to the unit takes care of the humidifying water requirements. Dry
and wet bulb (wet wick) thermometers measurements correlate to RH and serves as a means of
RH determination. The Watlow F4 controller attached at the front is used to set the limits of the
experiment.




Fig. 12. Environmental control chamber showing samples loaded for hydration or storage
characteristics determination

Experimental Procedure:

An overall step-by-step experimental procedure for operation is presented as follows:

1.
2.
3.

Open the water supply (20 — 50 psi) to the unit.

Connect the unit to special electrical supply (2 A, 125 VAC).

Switch on the Run Switch on the front panel. This will power the circulator fan, the
heater and refrigerator circuits that are controlled through Watlow F4 controller. Turning
off the Run Switch will shut off these components.

. If a fault occurs when ECC is in the run mode, the fault reset switch is pressed; the

chamber may start running again if the Run Switch was left in the run position.
Set the temperature values of overheat and overcool protector set point thumb wheels to
appropriate limits (on the left side bottom of the unit).
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Watlow F4 controller should be used to set the operating set point (static or profile mode)
of temperature and RH (Fig. 13). For through operation of the controller instruction
manual may be referred.

Setup Page

Main>Setup
Choose to Setup
» System

Anzlop Tonut 1

Think of this Sspiay 35 awindow =

\-u'ﬁﬂf:

around In the software LEing the
Main Page

»Go to Profiles Up and Down Keys
Go to Setup = (Move Up/fncrease and Move
Go to Factory 4/ Down/Decrease):

1/ Miowa Ma cursor {») position In tha
Lower Display through the
e ; software in the direciion of the key

amow. Increase or decrease a

value, or change a latisr In & usar-
nameabie flekt, such as alams,

H@ . o (v ' events and profie names.
o

Left and Right Keys
: (Back Out and Next):
-20mA Mowe right to select tha choice to
-20mA the righi of the cursor and proceed
Information Key -10V to tha naxt scraen. Move left to axft.
(Toggle for more -6Y
Information}: 5y
Provides Information in the -50mV
Lower Dispiay about the
cursor-selected parsmeter,
Another press toggles tha Temperatu
display back o the paramsater. Irh g
P5I
units

Choose Units

0
0.0
0.00

Fig. 13. Keys and navigation features of Watlow F4 controller of ECC

The navigation keys were used to select and adjust the set points.

In static mode, the set points are displayed in the Lower Display (small green multi-line
text).

SP1 controls temperature, the Upper Display (single line large red LED) always shows
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the actual temperature in the chamber.

. SP2 controls humidity, the Lower Display shows actual humidity in the chamber.

. Watlow F4 controller has programmable time signals (digital outputs) that were used to
activate chamber functions. Digital Output 8 (TS8) enables humidity conditioning.
Unless TS8 is enabled, the humidity control will not happen.

. After setting the temperature and RH (e.g. 40 °C, and 90% RH), the chamber should be
run so that temperature and RH equilibration occurs.

. Determine the moisture content of the biomass samples separately.

. Load the biomass samples in trays (slotted aluminum foil promotes better moisture
exchange) after temperature and RH equilibration.

. Record the mass of biomass sample trays more frequently initially (5 minutes interval)
and reducing the measurement frequency gradually later (30 to 60 minutes).

. A top loading digital balance of with necessary accuracy (e.g. 0.1 g) and capacity should
be used in mass measurement.

. Quick opening and closing the chamber while withdrawing and loading the trays ensures
better air conditions.

. From the gain in mass over the duration of the experiment and the initial moisture content
the moisture hydration characteristics (moisture content of the sample with respect to
time) was obtained.

. The experiment can be repeated for different crops and air conditions.

. Hydration characteristics data can be mathematically fitted using several hydration
models (e.g. Exponential, Page, Modified Page, and Peleg) to derive useful information.
Individual hydration models in combination with Arrhenius model can be used to make
prediction of hydration characteristics at intermediate temperatures (Appendix-III).

2.3.4. Calorimeter

Description:

Calorimeter is an instrument that determines the calorific value of the test sample. The system
(Model — IKA, C2000 Basic V2) consists of an airtight decomposition vessel, a temperature
controlled cooling water bath, ultra pure oxygen supply, cooling water supply, and display
terminal (Fig. 14). After mounting the sample on to the lid, the entire operation was controlled
through the display terminal commands and measurement is performed automatically.

Principle of Operation:

All the samples desired to be tested have a fuel value or energy content. The sample in oxygen
rich environment when ignited will completely get combusted and the release of heat based on
the heat content of the sample. This combustion happens in a controlled fashion inside a thick
walled airtight decomposition vessel. This released heat is captured by a bath of water
maintained at a fixed colder temperature. The amount of raise in the temperature of the water is a
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measure of the energy value or heating (calorific value) of the sample. Starting of the combustion
is triggered electrically and the sample catches fire and burns instantaneously, because of oxygen
rich environment, through the cotton thread that serves a wick and connects the ignition wire and
the sample held in the crucible.

Fig. 14. Calorimeter installed with high purity oxygen gas (top); sample preparation
showing crucible and cotton thread from ignition wire (bottom left); decomposition vessel
brought out after completion of measurement yet attached to the lid while display shows
calorific value and temperature rise (bottom right)
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Higher heating value (HHV) or higher calorific value (HCV) or gross calorific value is
determined by bringing all the products of combustion back to the original pre-combustion
temperature by condensing any vapor produced (heat of vaporization). Such measurements often
use a temperature of 25°C. While the lower heating value (LHV) or lower calorific value (LCV)
or net calorific value is determined by subtracting the heat of vaporization from the HHV or
HCV. LHYV treats any heat involved in vaporizing the moisture is not available to be realized as
heat.

Experimental Procedure:
An overall step-by-step experimental procedure for operation is presented as follows:

1. Open the cooling water supply tap that feed to the unit.

2. Pressure of cooling water should not exceed 1.5 bar. An inlet water pressure regulator
(IKA C 25) can be connected to ensure this.
Cooling water temperature should be less than 28 °C. If the temperature is < 23 °C the
system works in the 25 °C mode, otherwise (cooling water > 23 °C) in 30 °C.

. Open the supply of high purity oxygen (99.95% pure). The oxygen pressure should be 30
bar and should not exceed 40 bar (Fig. 14).

Switch on the machine. This splash screen appears and the measuring cell opens
automatically and the stirrer turns for a few second.

Then the system checks the temperature of the cooling water for about 150 s and selects
the possible setting for experiment. It is also possible to change the options such as
isoperibolic or dynamic though settings, but the system should check and allow for such
selection.

. After successful temperature check, two dots on both sides within parenthesis across a
selected method, the system will be ready for operation indicated by selected mode and X
—time vs Y — temperature graphic display of axes.

. Run calibration tests with samples of known HCV. For the purpose of calibration
“Benzoic acid” tablets are used (HCV = 26464 J/g). This HCV will be taken as the
reference by the system and it will evaluate unknown samples based on this data.

Sample preparation is same whether it is for calibration or biomass. About 1 gram of
material (the sample size is important so that the temperature increase should not be more
than 3 K (Y axis limit of the display) to avoid damaging the system.

. Decomposition vessel is a thick walled screw capped stainless steel vessel that has
provision to hold the sample in a crucible, spring loaded valve to pressure oxygen,
electrical connection to the ignition wire, and airtight rubber seal.

11. About 0.5 g of sample is held in the crucible. The exact mass of the material taken should
be measured using a analytical balance (e.g. 0.0001 g resolution).
12. Hold the decomposition vessel cover on a preparation stand (Fig. 14 — bottom left).
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. Fasten the cotton thread onto the middle of the ignition wire with a loop.

. Hold the crucible in the crucible holder bow and pass the loose ends of the thread below

the sample to ensure better contact, which is essential for initiating the combustion

process.

. Place some amount of distilled water into the decomposition vessel (e.g. 20 ml). This
water increases the service life of the parts of the decomposition vessel (O ring, seals,
etc.).

. Carefully insert the cover with sample crucible in place into the decomposition vessel and
tighten close it using the cap screw.

. Closed decomposition vessel should be inserted into the filler head of the open measuring
cell cover unit until it settles in place. When in place the decomposition vessel will be at
the center and will not rotate but the spring element makes contact for the electrical
ignition. The vertical suspension of the vessel should be checked before proceeding
further.

. Using “Sample” command (bottom line), the sample mass was input on “Weighed-in
quant” filed, sample proper name using text characters, and 1 for both Bomb and Cell. If
the measurement is a calibration procedure then the “Calibration” field should be
selected. Press “OK.”

. Using “Start” command (bottom line) the measurement can be started and the process

continues until completion of the experiment. After completion the decomposition vessel

comes out.

. Results of calorific value (C) in J/g, the average calibration value (V) used by the system

in J/g, and mass of the sample (m) in g will be displayed.

. Decomposition vessel can be removed and the exhaust gases under pressure should be

released using the safety release pin.

. Final mass of the crucible less the crucible mass gives the mass of burnt material (ash).

. Decomposition vessel and the crucible should be cleaned off the brunt deposits with soap

and water. After removing the moisture by paper towels the decomposition vessel and

crucibles can be used.

. Manual should be referred to set the calibration values.




3. RESULTS AND DISCUSSION

3.1. Moisture Content

Moisture contents of some of the samples used in TGA/DSC and calorimeter studies based on
ASABE Standards 2008 (S358.2 Moisture Measurement — Forages, ASABE, St. Joseph, MI)
were presented in the Table 1.

Table 1. Moisture content of the samples used in thermal properties

Box+Sample Box+dry MC Avg MC STD MC
ID Biomass Box (mg) (mg) (%w.b.) (%w.b.) (%w.b.)
Al Big bluestem 2200.1 2865.3 2817.5 7.19
A2 2200.3 2852.5 2805.4 7.22
A3 2188.3 2860.6 2813.2 7.05
Cl Bromegrass 2228.4 3014.8 2948.7 8.41
c2 2232.3 3082.6 3011.5 8.36
C3 2230.5 3082.9 3013 8.20
D1 Corn stalk 2214.5 2729.5 2687.7 8.12
D2 2207 2672.8 26354 8.03
D3 2204.9 2750.5 2706 8.16
B1 Switchgrass-mature 2208.2 3231.2 3159.2 7.04
B2 2210.3 3100.4 3037.8 7.03
B3 2220.2 31135 3050.8 7.02
F1 Switchgrass-green 2232 3238.4 3164.3 7.36
F2 2231.8 3254.6 3178.4 7.45
F3 2207.1 3260.8 3179.9 7.68
El Wheat straw (Barlow) 2212.8 2965.7 2906.1 7.92
E2 2230.5 2840.9 2791 8.17
E3 2223.3 2885.4 2834.7 7.66
Gl Wheat (Barlow) stem* 2212.3 2715.9 2678.2 7.49
G2 2198.6 2881.9 2830.4 7.54
G3 2224.1 2851.3 2803.3 7.65
* Used only on mechanical strength (shear and tensile) testing.

These were powdered samples and were prepared by grinding them using a Wiley mill fitted
with 2 mm mesh. Ground samples allow for distribution of all components of the biomass and
they produce a representative sample. Ground samples are easy to handle in TGA/DSC and
calorimeter. Ground samples can be pelleted or directly used in powdered form in the
calorimeter. We used powdered form and have not noticed any incomplete combustion. As these
biomass materials were harvested after maturity last year and stored indoors they were relatively
dry. Moisture contents of the samples analyzed have ranged from 7.0% to 8.3% w.b. Fresh
samples will be tested in future.
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3.2. Thermal Analyzer

TGA/DSC characteristics of several selected biomass samples were evaluated. The experimental
results were grouped into two categories, such as, thermal analysis only with nitrogen and with
nitrogen followed by air. These methods produce different thermal characteristics and help
characterize the biomass material.

3.2.1. TGA and DSC results with only nitrogen

A thermal characterization with nitrogen represents inert condition when samples were subjected
to varying temperatures. In other words, the inert environment produces the pyrolysis
characteristics of the tested material. Experimental conditions use for these studies are: Heating
rate of 20 K/min (K-Kelvin); temperature limits of 25 to 1100 K; and nitrogen flow rate of 50
ml/min. Initially, a blank (alumina 70 micro gram sample cup without any sample) was run (Fig.
15) and this blank curve was automatically used in the analysis (blank separation) and produced
the curves with samples by suitably nullifying the effect of these sample holders (crucible).

: &blank TGA 25.,1100C 20C/min N2 BS
Sample Weight
blank , 0.0000 mg

——T T
300

&blank TGA 25..1100C 20C/min N2 BS
Heatflow
blank , 0.0000 mg

L B e e e e e e e LA S B e s e e e e e e s e e e e e e B LA S m s e
100 400 500 600 1000

Fig. 15. TGA and DSC curves of alumina sample holder without samples (blank)

It can be seen from the TGA (upper curve) that although a dome shaped (increase then decrease
in mass) was observed it is practically a flatter profile, as the total mass variation was about 0.14
mg. DSC curve shows an extended exothermic reaction (heat release) in the range of 200 to 800
K, some noticeable peaks around 800 to 900 K, and steep increase in higher temperature range
after 900 K (Fig. 15). This specific characteristics of the alumina crucible was considered as
“blank” and was separated from the actual sample experimental run automatically.




Figures 16 through 21 presents the TGA and DSC characteristics of several biomass samples
only with nitrogen. Nitrogen used as purge gas makes the environment inert and the
heating/combustion process follows the pyrolysis mode of thermal reaction. Biomass samples
were ground and a sample size ranging from 5.2 to 5.5 mg was used. Samples were held in the
alumina crucible for which the “blank™ curves were already determined (Fig. 15).

&BBS-5.4mg-June28
Sample Weight
BBS-5.4mg-June28, 5.4000 mg

&BBS-5.4mg-June28
Heatflow
BBS-5.4mg-June28, 5.4000 mg
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Fig. 16. TGA and DSC curves of big bluestem (7.15+0.09% w.b.)

&BRG-5.4mg-June28
Sample Weight
BRG-5.4mag-June28, 5.4000 mg

&BRG-5.4mg-June2d
Heatflow
BRG-5.4mg-June28, 5.4000 mg
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Fig. 17. TGA and DSC curves of bromegrass (8.32+0.11% w.b.)




&CS-5.5mg-June28
Sample Weight
C5-5.5mg-June2B, 5.5000 mg
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C5-5.5mg-June28, 5.5000 mg

Fig. 18. TGA and DSC curves of corn stalks (8.10+£0.06% w.b.)
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Fig. 19. TGA and DSC curves of switchgrass mature (7.03+£0.01% w.b.)




&56G-5.2mg-June29
Sample Weight
5G-5.2mg-June29, 5.2000 mg

&5G-5.2mg-lune29
Heatflow
5G-5.2mg-June2s, 5.2000 mg
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Fig. 20. TGA and DSC curves of switchgrass green (7.50+0.16% w.b.)
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W5-5.6mg-June28, 5.6000 mg
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Fig. 21. TGA and DSC curves of wheat (Barlow) straw (7.92+0.26% w.b.)

TGA of all the samples show the following three major regions:

The initial phase (upto 250 to 300 K) - where a small reduction in mass was observed that was
due to the loss of moisture (7-8% w.b.).




The second phase (300 to 400 K) - where a substantial reduction in mass was observed that was
due to the loss of volatiles and pyrolytic charring of samples. At these temperatures much of the
volatile chemicals will be released that marks the sudden reduction in mass.

The third phase (beyond 400 K) - where stabilization or a very gradual mass reduction was
observed. The material already lost the volatiles was relatively stable and only charring happens
and carbon and mineral residues are left. Since the heating occurs in inert (nitrogen) environment
carbon is not burned and the heat released. After completion of the experiments, the residues
were black in color indicating the unburnt carbon component.

DSC curves plot the relative temperature difference of the sample with respect to the reference.
Thus indicating whether the sample receives (endothermic) or gives out heat (exothermic) with
respect to the reference (based on the heating variables set by the user). In the DSC, a downward
movement means the absorption of heat and upward movement the liberation of heat. DSC
curves of all the samples show the following three major regions:

The initial phase (up to 600 K) — where the sample followed the temperature of the heating
environment in most biomass samples. But the switchgrass — green showed a gradual decline
(endothermic).

The second phase (600 to 800 K) — where a sudden drop showing significant heat absorption
(endothermic) was observed. This heat absorption will later result in heat release.

The third phase (800 to 1100 K) — where almost two heat release (exothermic) peaks and
continuous upward trend were observed. It is interesting that all biomass samples exhibit these
two exothermic peaks after 800 K. Further analyses will reveal the thermal reaction mechanism

involved in this phase.

3.2.2. TGA and DSC results with nitrogen followed by air

Figures 22 through 24 illustrate the thermal characteristics of alfalfa, bromegrass, and
miscanthus stems, respectively. Initially the environment was using nitrogen as purge gas up to
600 K and from then on purified air (~21% oxygen) was supplied as the reaction gas. The
airflow rate used was 50 ml/min. A blank was run with these specific conditions and subtracted
automatically to give the characteristics of the sample. Introduction of the reaction gas (air)
supplies oxygen and promote the complete combustion of the sample. This may mean loss of
carbon mass as well as significant heat release due to complete combustion.

With the introduction of the air at 600 K, the TGA shows an additional mass loss step (all
biomass studied). This represents loss of organic carbon and release of carbon dioxide and
carbon monoxide as combustion gas products. After this mass loss, only incombustible ash

31




minerals remained and the mass of which was not affected by increased temperature from 650 K.
This behavior is depicted by an almost straight-line variation for all the biomass studied.

18:4/falfa
Sample Weight
Alfalfa, 6.0000 mg
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Fig. 22. TGA and DSC curves of alfalfa stem with reaction gas oxygen from 600 K
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Fig. 23. TGA and DSC curves of bromegrass stem with reaction gas oxygen from 600 K




1&Miscanthus
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Fig. 24. TGA and DSC curves of miscanthus stem with reaction gas oxygen from 600 K

DSC curves clearly show the exothermic peak after the air introduction at 600 K. This peak
represents the complete combustion of the biomass in the presence of oxygen supplied by air.
Base of the peak stretched approximately between 610 and 680 K. Other than the peak the DSC
curve can be considered flat. Area under the peak represents the net energy released by the
biomass sample during combustion. It should be recollected that exothermic combustion was due
to supply of air, while supply of nitrogen produce only endothermic pyrolytic charring. Further
analyses of these curves reveal more insight into the thermal behavior. It is also possible to use
other reaction gases as well as conduct experiments only with air.

Overall, it can be observed that with a small sample size (about 5 mg) the TGA and DSC of
biomass samples were different and distinct. In other words, the “thermal characteristics
signatures” of biomass are different; and this project is aimed at capturing these “signatures” and
catalogs them for a variety of ND biomass. It is also possible to study the effect of moisture
content, maturity stage, anatomical component difference, effect of storage, etc., on the thermal
characteristics of biomass. When such elaborate studies were performed and analyzed
statistically, we can able to conclude “whether or not” there is a significant difference in the
thermal properties as affected by the aforementioned differences. These results (whether
difference exist or not) will help in making decisions on utilization of these biomass materials
and assess their quality.




3.3. Universal Testing Machine

Double shear device and tensile grips were used to obtain the shear and tensile force-
displacement characteristics of selected biomass. Typical shear and tensile mechanical
characteristic curves of big bluestem (Fig. 25), bromegrass (Fig. 26), and wheat straw (Fig. 27)
are presented below. Moisture content of these biomass ranged from 4.4 to 8.2% w.b.

177.9 N Tensile Test

Displacement (mm)

Tensile Test

Displacement (mm)

Fig. 25. Force-displacement shear and tensile characteristics of big bluestem
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Tensile Test
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Fig. 26. Force-displacement shear and tensile characteristics of bromegrass
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Fig. 27. Force-displacement shear and tensile characteristics of wheat straw (Burlow)




Typical force-deformation characteristics (Figs. 25-27) show an increase in load and after failure
of material causing sudden drop in the load. The fall in load is more pronounced in tensile failure
(bottom curve) than the shear failure (top curve). Overall the effort involved in causing the
failure due to shear was relatively smaller than the failure due to tensile mode. Table 2 presents
the various measurements performed replications of the biomass samples and their derived shear
and tensile strengths and specific energy, while Table 3 presents the consolidated results.

Table 2. Shear and tensile strengths and specific energy of selected biomass showing
replications

Shearing
Shear strength Tensile strength  specific energy
Biomass (MPa) (MPa) (kN/m)
Big bluestem 12.67 33.24 97.51
15.18 26.69 159.56
15.46 29.52 105.10
13.80 31.32 126.91
11.43 41.44 127.20
14.23 26.88 152.24
Bromegrass 8.28 31.65 97.18
10.45 19.75 118.49
10.15 21.63 133.39
12.72 18.60 111.62
9.25 17.33 122.52
12.27 33.59 98.35
7.22 29.23 78.03
7.23 34.73 76.49
7.35 21.73 65.47
9.03 22.12 69.40
8.02 26.40 60.66
7.12 35.08 59.27

Table 3. Consolidated shear and tensile strengths and specific energy of selected biomass

Shear Tensile Shearing specific
strength STD strength STD energy STD
Biomass (MPa) (%) (MPa) (%) (kN/m) (%)
Big bluestem 13.79 1.53 31.51 5.48 128.09 24.66
Bromegrass 10.52 1.71 23.76 7.04 113.59 14.15

Wheat straw 7.66 0.74 28.21 5.88 68.22 7.88
Note: STD — standard deviation

From these results, it can be seen that the strength and energy parameters were different for
different biomass species. Further the ratio of tensile to shear strength is about 2.3 both for big
bluestem and bromegrass and 3.7 for wheat straw. Shearing specific energies among the crops
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were found to different. Cutting characteristics, not reported, will be performed for selected
crops as we have developed the device already (Fig. 10). These mechanical properties influence
the size reduction (grinding) energy requirement. Effect of moisture content, maturity, and
storage of biomass will influence these mechanical properties. Further studies will be addressing
the effects of these parameters on the mechanical strength and energy properties of biomass and
catalog them.

3.4. Environment Control Chamber

Switchgrass, big bluestem, and bromegrass are a few of the major biomass feedstocks in
Midwest. An understanding of hydration characteristics of the selected biomass samples is
essential for biomass storage and processing. Biomass storage affects its quality and processing,

which in turn influences the biomass final utilization applications. Moisture status in biomass is
the most influential factor of biomass storage and influence microbial growth hence the quality.
Moisture hydration kinetics explains the dynamic moisture condition of the biomass. ECC
simulates the storage environment and allows measuring the moisture hydration characteristics
of biomass feedstocks. The objectives of this study were to:

Determine experimentally the moisture sorption characteristics of switchgrass, big
bluestem and bromegrass.

Model the experimental moisture sorption characteristics using exponential, Page, and
Peleg models.

Determine the effect of temperature on the model parameters.

Following the procedure explained earlier (Sec. 2.3.3) the moisture hydration experiments were
performed using the select biomass feedstocks and the observed hydration characteristics are
shown in figure 28. A fixed RH of 95% and three levels of the temperatures (20, 40, and 60 °C)
were used. Three replications of biomass samples were considered at each condition
(temperature and RH) and the average was presented and utilized in modeling. Hydration
characteristics among biomass species were found to be different (Fig. 28). An initial quick
absorption of moisture followed by gradual increase and finally equilibration were observed on
all biomass feedstocks.

As presented in the Appendix-I1I (Mathematical modeling of hydration characteristics of
biomass), the raw data (Fig. 28) was subjected to mathematical model fitting and results obtained
are presented. Fitted model results of (1) exponential, (2) Page, and (3) Peleg models are
presented subsequently.




Relative humidity of air = 95% (constant)

——Switchgrass 20°C
—=—Switchgrass 40°C
—e—Switchgrass 60°C
—+— Bromegrass 20°C
—=— Bromegrass 40°C
—=— Bromegrass 60°C
—— Big Bluestem 20°C
—=— Big Bluestem 40°C
—+— Big Bluestem 60°C

Moisture content (d.b., decimal)

Time (h)
Fig. 28. Observed moisture hydration characteristics of selected biomass at different
temperature and fixed relative humidity

1. Exponential Model
M,—-M

M, M, exp(—k.t)

M =M ,~(M,—Mg) X exp(—k,L)

Material Ke (h™) SSD K.
Switchgrass 0.4765 0.0416
0.6243 0.0706
0.6797 0.0853
Big Bluestem 0.3804 0.0384
0.5592 0.0826
0.6129 0.0811
Bromegrass 0.429 0.0511
0.3974 0.0513
0.4211 0.0564




2. Page Model

M, - M
MF_MD

= exp(—kt")

M =M -(M_—Mg) X exp(—kt")

Materials T(C°) K(h™ SSD_K

Switchgrass 20 0.6050 0.0039
40 0.7430 0.0151
60 0.7768 0.0116
Big bluestem 20 0.5321 0.0087
40 0.7358 0.0162
60 0.7708 0.0117
Bromegrass 20 0.5795 0.0081
40 0.6021 0.0198
60 0.6341 0.0161

3. Peleg Model
t

M= Mot ¥t

Peleg  Modd
SSD k, K, M,

03198 6.3355 19.8541
0.5168 6.056 20.5825
0.4195 5.8845 21.0638

0.6212 58724 21.4688
0.6197 5544 224775
0.3931 5.0792 241281

04498  5.0912 24.5217
0.614 3.8999 30.5217
05493  3.8185 31.0683

A plot of observed as well as models results (Fig. 29) shows that Page and Peleg models make
very good predictions, which can also be observed from the R? values of the models. Exponential
model being the most simple was not producing good prediction performance. Since Peleg is
more advantageous, we used this model to perform predictions.
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— Exponential Model
— Page Model
— Peleg Model

* Experimental Data

Moisture content (d.b., decimal)

Time (h)
Fig. 29. Comparison of moisture hydration models performance
Arrhenius model fitting results are shown below. Arrhenius model constants (4 and E) estimate
the hydration model constants at any intermediate temperatures thereby help predicting the

hydration at any time and temperature in the range studied.

Arrhenius equation

.
P = Aexp [— ﬁ‘]

Exponential Model

Page Model k

Page Model n

Material

(h)

E
(kJmol™) R?

A
(h")

E
(kdmol™?) rR?

A
(L]

E
(kimol?)

RZ

Switchgrass

Big Bluestem

Bromegrass

8.3484

15.9879

6,8886 0.9798

8.9472 0.9849

-0.4522 0.9551

4.6379

9.9701

1.2244

4,8914  0.9768

6.9983 0.9344

1.8312  0.9997

0.1774

0.1505

0.1405

-3.0964

-3.2506

-3.4709

0.9950

0.9654

1.0000

Peleg Model 1/k,

Peleg Model 1/k,

Material

Switchgrass

Big Bluestem

Bromegrass

E
(kJmol?) R’

9.6636 0.9402

13,9455 0.8717

6.8241 0.9996

A
(h?)
0.2924

0.5713

1.9680

E

{kimol?) R?

1.4983

2.9674

5.4976

0.9998

0.9992

0.7683




Figure 30 illustrates the graphical output of the moisture hydration prediction at intermediate
temperatures such as 30 and 50 °C. It should be noted that the prediction can work at any

temperature between 20 and 60 °C. It is also possible to directly use the models and generate the
values accurately.
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Fig. 30. Predicted moisture hydration characteristics using Peleg model at intermediate
temperatures

The conclusions derived from these experiments are:

Both Page and Peleg models effectively described the observed sorption characteristics of
Switchgrass, Big Bluestem and Bromegrass.

The Peleg model in combination with the Arrhenius equation is recommended for
moisture sorption prediction.

86.30%, 83.80% and 80.42% water sorption took place within 5 hours for Switchgrass,
Big Bluestem and Bromegrass respectively.

Sorption rate reduce very sharply during initial the 1st. hour and quickly become
approximately asymptotic to the time axis.

Similarly, other biomass feedstocks will be studied in future and their results will be cataloged.




3.5. Calorimeter

The calorific value of selected biomass samples were measured based on the procedure outlined
earlier (Sec. 2.3.4). Results showing the replications and the consolidated results are presented in
Table 4 and 5, respectively.

Table 4. Calorific value and residue content of selected biomass showing replications

Biomass Sample wt (net) CV (J/g) Residue (mg)

Big bluestem 504.3 16910 6.4
504.4 17135 7.6
507.1 16950 7.9

Bromegrass 502.6 16213 10.4
504.8 16289 8.2
507 16244 11.4

Corn stalk 404.4 16680 6.8
404.2 16330 7.1

400.2 16561 6.7

Switchgrass-mature 500.6 17024 7.8
501 17178 7.5

501 17083 6.5

Switchgrass-green 502.7 16929 9.4
505.3 16712 10.3

504.1 16751 9.4

Wheat straw (Barlow) 500.1 16253 12.9
506.1 16181 16.5

506.4 16419 114

Table 5. Consolidated calorific value and residue content of selected biomass

Biomass CV (J/g) STD Residue (mg) STD
Big bluestem 16998 120 7.3 0.8
Bromegrass 16249 38 10.0 1.6
Corn stalk 16524 178 6.9 0.2
Switchgrass-mature 17095 78 7.3 0.7
Switchgrass-green 16797 116 9.7 0.5
Wheat straw (Barlow) 16284 122 13.6 2.6

Note: STD — standard deviation

It can be seen from the results that the calorific values (HCV) are consistent with replications
(Table 4). The residue — dark material remaining after combustion amounted to 1.3% to 3.3%
among the biomass feedstocks. Observed calorific values of biomass studied (16 to 17 kJ/g) were
in the range of reported results. Among the feedstocks, dry switchgrass produced the highest
calorific value of about 17.1 kJ/g and bromegrass produced the lowest of about 16.2 kJ/g. Even
the switchgrass-green is also ranked high (3") with 16.8 kJ/g. This result corroborates the idea of
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utilizing the switchgrass as the model energy crop by the nation.

3.6. Outreach Activities

The PIs have participated in various outreach activities highlighting the capabilities of the
Biomass Testing Laboratory and are outlined below. These activities have brought visibility to
the Biomass Testing Laboratory, its capability, and its application for the ND clientele. Similar
outreach activities will be carried out by the PIs in the future as well.

NDSU Agriculture Communication NEWS (5/11/2010):

Dr. Cole Gustafson has written a column in NDSU Agriculture Communication NEWS on the
Biomass Testing Laboratory. This online article is available at:
http://www.ag.ndsu.edu/news/columns/biofuels-economics/new-energy-economics-ndsu-and-
usda-ars-partner-to-establish-biomass-testing-lab/

NDSU Extension Service
ND Agricultural Experiment Station

New Energy Economics: NDSU and USDA/ARS
Partner to Establish Biomass Testing Lab

The lab will be designed specifically to test the dimensional, thermal and
physical properties of biomass. Images

By Cecle Gustafson, Biofuels Economist
NDSU Extension Service

Igathi Cannayen, an NDSU assistant professor in the Department of Agricultural and

Biosystems Engineering, and I have received $450,000 from the North Dakota Renewable
Energy Counail and the U.S. Depariment of Agriculture’s Agricultural Research Service in
Mandan to establish the first dedicated biomass testing laboratory in North Dakota. Cole Gustafson,
NDSU Biofuels
The lab will be designed specifically to test the dimensional, thermal and physical properties Eoaiiciiie
of biomass and will be centrally located at the USDA/ARS site in Mandan.

Creation of the lab is imely for several reasons. First, NDSU has established 10-year yield tnials using more than
50 different varieties of biomass. Production from these trials will be evaluated for both energy content and
densification for shipping. Second, engineers are striving to develop new biomass harvesting, processing and
transportation machines. Information on the physical properties of biomass will help the industry design optimal
equipment.

... Column incomplete!



http://www.ag.ndsu.edu/news/columns/biofuels-economics/new-energy-economics-ndsu-and-usda-ars-partner-to-establish-biomass-testing-lab/
http://www.ag.ndsu.edu/news/columns/biofuels-economics/new-energy-economics-ndsu-and-usda-ars-partner-to-establish-biomass-testing-lab/

Customer Focus Group (7/22/2010):

A presentation entitled “NDSU Biomass Testing Laboratory at NGPRL” was made by
Dr. Igathinathane Cannayen to the Customer Focus Group held at NGPRL, USDA-ARS,
Mandan, ND.




2010 Annual Highlights of NDSU North Dakota Agricultural Experiment Station
and NDSU Extension Service (January 2011)

A page (shown below) on the “Biomass Testing Lab” has featured as the inner back cover of the
NDSU’s 2010 Annual Highlights booklet of presentation NDSU North Dakota Agricultural
Experiment Station and NDSU Extension Service. NDSU running this note is considered as a
great opportunity as this draws state and national attention towards the “Biomass Testing Lab.”
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Renewable Energy Day (2/2/2011)

Drs. Cole Gustafson and Igathinathane Cannayen manned a booth that displayed various
activities of the NDSU BioEpic Energy and Product Innovation Center that also depicted the
“NDSU Biomass Testing Lab at NGPRL” on the Renewable Energy Day held at the Capitol
Building, Bismarck, ND.

2010 Research Results & Technology Conference (2/15/2011)

A short oral presentation and a poster entitled “Biomass Feedstock Process Engineering —
Ongoing Research” that depicted “Biomass Testing Lab” was made by Dr. Igathinathane
Cannayen on the Research Results & Technology Conference held at Seven Seas, Mandan, ND.




Friends & Neighbors day 2011 showing the BTL presentation and activities
(7/121/2011)

We were involved in various outreach activities increasing the awareness of biomass utilization,
quality aspects, and necessity of a testing lab like ours (BTL). We strive to promote the visibility
through presentation, demonstration, supporting lab visits, and related events. Pictures of these
activities are shown in the following pages:
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Presentation to the “Customers Focus Group” and lab visit conducted by Dr. Igathinathane
Cannayen and Ms. Manlu Yu — Ph.D. student (July 21, 2011)




“We Got the Beets! Tour” (8/24/2011)

North Dakota Water Education Foundation’s “We Got the Beets! Tour” lead by Jean Schafer,
Executive Director, ND Water Coalition, Bismarck, ND. About 30 members attended the BTL .




“Barley Council Members” (9/7/2011)

A presentation on field about biomass preprocessing and BTL were made to “Barley Council
Members” as a part of their NGPRL research field plot tour

Local school students visit (9/15/2011)

A major local school students of 9th grade biology 20 students visited BTL and were presented a
talk on biomass preprocessing and capabilities of BTL.




NGPRL on-site review team visit (3/27/2012)

NGPRL on-site review team of experts were presented about the activities of BTL and the
collaborative research of NDSU at NGPRL (Mar. 27, 2012)

Technical paper presented in 2012 ASABE/CSBE North-Central Intersectional

Conference from the data generated from BTL (3/30/2012)

Program - Agricultural and Biosystems Engineering (NDSU) 4/29/12 8:33 PM

NDSU SeiERVERSiry
AGRICULTURAL AND BIOSYSTEMS ENGINEERING

2012 ASABE/CSBE North-Central Intersectional Conference
Friday, March 30, 2012
8:15 - B:40 a.m. - Registration, Great Plains Ballroom Lobby

8:40 - 10:00 a.m. - Session 1 - Biofuels - Hidatsa Room - Moderator: dr. Igathinathane Cannayen

Change in Fermentable Sugars in Sugar Beets Stored Anaerobically, Juan M. Vargas-Ramirez, North Dakota State University,
oral plus paper. RRV12100.

Hydration Characteristics of Switchgrass, Big Bluestem, and Bromegrass, Manlu Yu, North Dakota State University, oral plus
paper. RRVI2101,

Fermentation of Sugarbeets with E. coli K011: Impact of Buffer Strengthand Hydrolyzate Composition, Nurun Nahar, North
Dakota State University, oral, no paper. RRV12126.

10:40 - noon - Session 5 - Soil and Water || - Rose room - moderator: dr. dean steele

Comparison of Evapotranspiration Estimates from Remote Sensing and Eddy Covariance Measurements in the Devils Lake
Basin, Dean Steele, North Dakota State University, oral no paper. RRV12114.

http:/ fwww.ndsu.edu/aben /department/newscalendar (2012_north_central_intersectional_conference/papers/ Page 1 of 2




“Sustainable Bioenergy” online training module inclusion (4/9/2012)

Dr. Cole Gustafson about to present in the “Sustainable Bioenergy” Train-the-trainer workshop
where in the online course module the activity of BTL was indicated in his contributed chapter.
This gives nationwide visibility to the extension specialists, agents, researchers, and general
public; Dr. Igathinathane Cannayen attended this training held at University of Missouri,
Columbia.

Presentation to Empower ND Commission (6/21/2012)

Dr. Igathi Cannayen made a presentation entitle “Biomass Testing Laboratory for Physical
and Thermal Characteristics of Feedstock of North Dakota” and “Energy Beet Research-Phase 11"




“Friends & Neighbors Day 2012” showing the BTL activities (7/19/2012)
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Technical paper to be presented in 2012 ASABE International Annual Meeting at
Dallas Texas from the data generated from BTL (7/29-8/1/2012)

ABE An ASABE Meeting Presentation
— ‘l—.“*}‘y

A Paper Number: 121337358

2950 Niles Road, St. Joseph, MI 49085-9659, USA
269.429.0300 fax 269.429.3852 hq@asabe.org www.asabe.org

Mechanical shear and tensile characteristics of
selected biomass stems

M. Yu, C. Igathinathane*

Department of Agricultural and Biosystems Engineering, North Dakota State University; |
1221 Albrecht Blvd, Fargo, ND 58102, USA, * Igathinathane.Cannayen@ndsu.edu

C. Gustafson

Department of Agribusiness and Applied Economics, North Dakota State University,
500 Barry Hall, PO Box 6050, Fargo, ND 58108, USA

J. Hendrickson, M. Sanderson

Northern Great Plains Research Laboratory, USDA-ARS, 1701 10th Avenue SW, Mandan,
ND, 58554, USA

Written for presentation at the
2012 ASABE Annual International Meeting
Sponsored by ASABE
Hilton Anatole Dallas
Dallas, Texas
July 29 - August 1, 2012
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ND to establish biomass testing lab

By | November 30, -0001

The North Dakota Renewable Energy Council and the USDA-Agricultural Research Service
in Mandan, N.D., have granted $450,000 to North Dakota State University to establish a
dedicated biomass testing laboratory, the first of its kind in the state.

The lab will be designed specifically to test the dimensional, thermal and physical
properties of biomass and will be centrally located at the USDA-ARS site in Mandan,
according to NDSU Biofuels Economist Cole Gustafson. One particular goal of the project is
to develop a database of biomass characteristics obtained from samples coming to the lab
from across the state.

Development of the facility is expected to take two years before it becomes fully
operational.
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ND gets biomass testing lab D P | emei | Bshere

By Lisa Gibson | November 30, -0001
Posted June 17, 2010, at 10:31 a.m. CST
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North Dakota State University and the USDA's Northern Great Plains Research Laboratory of innovation™
south of Mandan, N.D., are teaming up to establish the state’s first biomass testing
laboratory.

The facility will be configured into existing infrastructure at the NGPRL for the study of
dimensional, mechanical and thermal characteristics of North Dakota biomass. “The goal is
to determine the characteristics of the input material, namely biomass feedstocks of
North Dakota and serve the users,” said Igathinathane Cannayen, NDSU research and
extension engineer and researcher in the project. These characteristics € are the first
stage in the utilization of biomass through various pathways such as bioenergy (cofiring,
pyrolysis, gasification), bioproducts (bio-oil, biochar, chemicals) and biofuels (hydrolysis,
fermentation). The lab will be serving the needs of the farmers, biomass producers and
industry personnel.” The lab will have a model similar to soil testing labs or plant

diagnostics labs, he added. é PERCIVAL

It's safe to say the facility will be up and running in one year, Cannayen said, and the Research Chambers
collaborative was awarded 5225,000 from the North Dakota Industrial Commission’s
Renewable Energy Program to cover the cost of the major equipment considered to be
the starting point of the lab. Funding from NDSU has also been used and more will be
sought from other sources to ensure it is fully equipped. “For the required operating
funds, industries and other organizations will be contacted,” Cannayen said. The
immediate roadblock is an operating grant that would provide salary for a technical
assistant, without that position testing and productivity would be limited as Cannayen is
working on several other research and extension projects, he said.

The NDSU departments involved in the collaboration are the Department of Agricultural
Biosystems Engineering and Agribusiness and Applied Economics, by virtue of the
departments of the project investigators-Cannayen and NDSU Professor Cole Gustafson.
NDSU and NGPRL work together through a number of specific cooperative agreements.
The NGPRL extends office and research facilities to NDSU's faculty members, Cannayen
said.
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NDSU News

North Dakota State
University

NDSUNEWS

Biomass Testing Lab established

Cole Gustafson, NDSU hiofuels economist, and [gathi Cannaven, Northern Great Plains
Research Laboratory assistant professor, have received 8450,000 from the North Dakota
Renewable Energy Council and U.S. Department of Agriculture’s Agricultural Research
Service in Mandan to establish the first dedicated hiomass-testing laboratoryin North
Dakota.

The lab will be designed to test dimensional, thermal and physical properties of biomass.
Creation of the lab aligns with the NDSU Bio Energy and Product Innovation Center’s
{BioEPIC) goal of fostering development of a hiomass industry in North Dakota. BioEPIC
already has created a searchable biomass inventory so prospective investors can evaluate
potential biomass supplies in different geographic locations across the state. Inaddition, a
decision aide, Biomass Compare, has been developed to help farmers and ranchers compare
the profitability of biomass production with traditional farm enterprises.

Additional funding is being sought from the US. Department of Agriculture to develop
hiomass market standards, assist agricultural producers in forming a hiomass supply
network and developing a hands-on mobile biomass processing display to aducate potential
biomass suppliers on differing harvest and processing methods.

The Biomass Testing Lab will contain four primary machines. A universal testing machine
will measure the force neaded to compress, shear or cut biomass. A second machine will
monitor the mass and temperature of biomass as it is heated in a controlled inert
environment. A bomb calorimeter measures the energy content of various biomass samples.
Finally, an environmental control chamber will enable storage studies of biomassina
controlled enwvironment of constant temperature and humidity.

The Biomass Testing Lab will be located at the [1.S. Department of Agriculture -
Agricultural Research Service site in Mandan.
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Funding to establish the first dedicated biomass testing laboratary in North Dakota has been granted to
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USDA funding is also being requested to develop biomass market standards, help farmers
form a biomass supply network and develop a hands-on mobile biomass processing
display to educate potential biomass suppliers on differing harvest and processing
methods.
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4. FUTURE WORK AND RECOMMENDATION

Having established the NDSU Biomass Testing Laboratory at NGPRL with four major pieces of
equipment and demonstrated the measurement, analysis, modeling, and interpretation, the future
work will relatively simple but more productive. Biomass samples from the immediate fall
harvest from NGPRL and other samples from NDSU research stations will be subsequently
studied and results will be cataloged. Future studies will include the effect of moisture content,
maturity stage, anatomical component difference, effect of storage, etc., on the various physical,
mechanical, and thermal properties of biomass that the BTL specializes. The results on the
quality of the biomass along with statistical analysis will enable to rank and select the suitable
biomass feedstocks for industrial applications.

Dr. Igathinathane Cannayen with other researchers from NDSU and “Green Vision Group”
obtained a grant from NDIC for the “Energy beet Research — Phase I1.” Dr. Cannayen will be
heading the “front-end processing of beets” component, and this work has funded position for a
technician (22 months). Another three year project that is in the final stages of funding entitled
“Flood Affected Wood Biomass Utilization Opportunities in North Dakota” in which

Dr. Cannayen is involved and will be collaborating the ND Forest Service will have a
technician/postdoc researcher. During downtime opportunities, the service of these technicians
could be sought with BTL activities without affecting the primary objective of their hire. In
distant future, a nominal amount will be charged to the customers that desire to use the services
of the BLT just to cover the cost to make it sustainable. There is also a loud thinking and
background action to get a hard funded technician attached to Dr. Igathinathane Cannayen’s
position from the ABEN, NDSU. If this happens the services of the BTL will be quick and more
affordable.

The activities and capabilities of BTL is a strong point for ABEN to support the extramural
funding proposal initiatives. The role of BTL is quite significant in bringing more visibility to the
NDSU presence in NGPRL and our research activities provide us opportunity to participate in
multi-university and multi-state project funding proposals. Research results generated from BTL
have tremendous potential to be published as peer-reviewed articles, technical presentations,
factsheets, extension activities, demonstrations, training, and popular articles. The results could
be appealing to state and nationwide as well as worldwide audience, as the experiments being
engineering in nature they could be easily repeated and verified. Experiences gained during the
course of this project will help in future better productivity of the BTL. Significant additional
results will be presented in future as an addendum to this final report.

We would like to record our gratitude and appreciation to NDIC for seeing the need and funding
this significant proposal.




5. SUMMARY

This comprehensive final report on the project entitled “Biomass Testing Laboratory (BTL) for
Physical and Thermal Characteristics of Feedstock of North Dakota” presents background of the
need; methodology followed; test material processing; description and operation principle of four
major pieces of equipment; results, analysis, discussion, and interpretation; outreach activities
highlighting the BTL capability; news items on the BTL; future work and recommendations; and
appendices for more detailed information.

A substantial void exists among producers and processors of North Dakota biomass regarding its
quality, suitability for densification, and energy applications. Evaluation of the physical and
thermal characteristics of raw and processed biomass forms the important phase of evaluation of
baseline data. This information guides various efficient operations of biomass processing and
handling as well as aiding in development of new processes.

This two year, $450,000 (total with 1:1 cost match) equipment grant project established a
“Biomass Testing Laboratory” (BTL). Four major pieces of equipment (thermal analyzer
TGA/DSC, universal testing machine, environment control chamber, and calorimeter) were
purchased, installed and tested successfully. Although the installation process has faced with
some unforeseen installation issues and delayed the progress, the equipments are now in order
and are ready for experiments and production of research results.

Results generated from numerous experiments that were presented on appropriate sections
provide good insight on the quality (physical, mechanical and thermal) characteristics of the ND
biomass feedstocks. Future studies will include the effect of moisture content, maturity stage,
anatomical component difference, effect of storage, etc., on the various physical, mechanical,
and thermal properties of several ND biomass that the BTL specializes. The BTL has become
fully functional from June 2012.




APPENDICES

Appendix — I: Award contract and processing through NDSU

The Award

The Principal Investigators (PI) express their gratitude to the North Dakota Industrial
Commission (NDIC), Bismarck, ND for granting the award and to the Northern Grate Plains
Research Laboratory (NGPRL), USDA-ARS, Mandan, ND for providing the matching fund and
the laboratory space for establishing the “Biomass Testing Laboratory.” The award information
and the contract (# R-008-018) released by NDIC dated 11/22/2010 is shown in Fig. A1-1.

Contract No. R-008-018
“Biomass Testing Laboratory for Physical & Thermal Characteristics of ND Feedstock”
Submitted by North Dakota State University

Principal Investigators: Gustafson and Cannayen

PARTICIPANTS
Sponsor Cost Share

MNGPRL USDA-ARS $125,053
NGPRL USDA-ARS $ 99,947 {in-kind)
North Dakota Industrial Commission $225,000

Total Project Cost $450,000

Project Schedule — 24 months Project Deliverables:

Contract Date — November 23, 2010 Status Report: November 30, 2010
Start Date — June 1, 2010 Status Report: May 31, 2011
Completion Date — May 31, 2012 Final Report: May 31, 2012

OBJECTIVE/STATEMENT OF WORK:

The goal of this project is to establish a Biomass Testing Laboratory to evaluate physical and thermal
characteristics of diverse ND feedstock and the densified biomass products. The lab will be a joint
venture between NDSU and USDA-ARS in Mandan. The lab will provide North Dakota with a way to
measure quality of biomass feedstocks, producing a unigue industry and market database of
performance characteristics. The funding provided by the North Dakota Industrial
Commission/Renewable Energy Program will be utilized to purchase four pieces of equipment: Thermo
Gravimetric Analyzer; MTI Universal Testing Machine; Environmental Control Chamber; Bomb
Calorimeter.

STATUS
Contract has been executed and the matching funds have been verified.

11/22/2010

Fig. Al-1. NDIC award contract R-008-018 on biomass testing laboratory




Award Processing

The award was then processed by the North Dakota State University (NDSU) through the offices
of North Dakota Agricultural Experiment Station and through Sponsored Programs
Administration (SPA). These offices made further inquires about the various aspects of the
project administration and the PIs responded to inquiries satisfactorily. The Office of Grant and
Contract Accounting of SPA processed the award, made an initial approval, and then released a
revised version dated 12/16/2010 (Fig. 2. The allotted the following important information for
operating the funds are, Fund Number: 46000, Control Dept: 7620, Program #: 01463, and
Project#: FAR0016577.

OFFICE OF GRANT AND CONTRACT ACCOUNTING

Sponsored Programs Accounting and Reporting System Information Sheet

Agreement No RO08-018 Fund Number 46000
Control Dept 7620

Program # ~ 01463
Grantor: ND I[ndustrial Commission Project # FAROD16577

Renews Old o o
Principal Investigator: Cole Gustafson & Igathinathane Cannayen Log Number FAR0D16577
Ag & Biosystem Engineering
Project Control:
Effective Date: From 06/01/2010 to 05/31/2012 (BT) Level 2
(TD) Level 3
{BC) Level4
Biomass Testing Laboratory for Physical and Thermal {BL) Levels
Characteristics of Feedstock in North Dakota.
Billing Type:
Cost Reimburseable
Fixed Price
BUDGET
ACCOUNT #
Equipment: )
TGA Analyzer 74,000.00
MTI Universal Testing Machine 60,000.00
Environmental Control Chamber __ 65,000.00
Bomb Calorimeter _ 26000.00

TOTAL DIRECT COST BUDGETED: 225,000.00

FACILITIES & ADMINISTRATIVE COSTS
_000%  of 225,000.00 ) 0.00

TOTAL AWARD s 225.000.00

Cost Sharing of this award required? Yes
If yes, requirements below:
Personnel:
‘Other: " Project FARODI4211 - ARS
_ USDA-ARS-Northem Plains Agreement
_____USDA-ARS In-kind Match (time & space)
____ Total Match

Miscellaneous Information:

For questions contact: Eric Exner, Grants Officer 1-9802 December 16, 2010

Fig. A1-2. NDSU’s approval of NDIC’s award on biomass testing laboratory
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Equipment Purchase Processing

After receiving the approval from the NDSU’s SPA, we have processed the purchase of the four
piece of equipment. The equipment supply quotes were obtained from the leading manufacturers
of these equipment. As our requirement is specific, related to biomass, the manufacturers were
meticulously identified based on the criteria such as suitability with the test material, accuracy of

measurement, and cost effectiveness. Based on our selection criteria, only single supplier
matched the requirements on each equipment and we have not obtained multiple quotes. The
NDSU purchase procedure needs justification to this effect, and we have filed the “Sole Source
Purchase Justification” forms, giving the necessary justifications and highlighting the uniqueness
of the equipment. The first three equipment are unique in their configuration and were supplied
by specific manufacturers, while the calorimeter was selected based on the cost effectiveness
without compromising the features. Copy of the quotes and a two-page graphical description of
the equipment ordered are given in Appendix-II.

List of Equipment and Services Ordered

Table A1 shows the list of equipment, spares, and services ordered so far costing $177,306. The
purchase documents for these items are being processed by the NDSU’s Purchasing Department.
Other supply items that will be required during testing and experiments will be purchased as
required.




Table Al. List and the cost of equipment, supplies, and services ordered for the BTL

Item Cost

Thermal Analyzer

TGA/DSC1/SF - High Temperature Thermogravimetric Analyzer (TGA) with

Differential Scanning Calorimetry (DSC) — Basic unit

$46,426

TA-SW Silver - SRARe Silver Package Ver. 10.0

9,800

Two boxes of Aluminum oxide crucibles

$1,018

XS105DU - Analytical balance 120 g capacity, 0.1mg/0.01mg accuracy

$4,348

EQ-TAZ2- lyear service for DSC &TGA

$4,096

TA/FP - 1 TA Standard training for DSC & TGA

$1,455

TGA-EWPZ2 - 12 Month extended warranty plus

$5,486

Subtotal

$72,631

Universal testing machine

60,000

MTI-100K Universal Testing System - 100,000 Ib capacity

$55,000

One set of 30,000 Ib capacity tensile specimen grips

$4,800

One set of Compression loading platens

$1,800

One 20,000 Ib force capacity tensile/compression load cell

$900

On- site installation and training

$900

Subtotal

$63,400

Environmental chamber

BTX-475 4cu. ft. Benchtop Temperature/Humidity Chamber

$12,910

Heated widow with interior light

£820

Independent overcool limit protection

$260

Emergency stop

$190

Mobile cart with cabinet door and built in shelf

$1,170

Extended 2 year warranty 10% of system and options

$1,535

Freight to ND

$620

Start-up and training for one unit

$2,550

Subtotal

$20,055

Bomb calorimeter

IKA Calorimeter C 2000 Basic V2 115; Model No: EW-50905-30 $21,220
$177,306

The balance of funds as of June 08 is shown in figure A1-3. Additional items such as specialty
gases for TGA/DSC and calorimeter, regulator, UTM moving expenses, fabrication charges for
UTM attachments (double shear device and modified Warner-Bratzler cutting device), ECC
trays, inlet cooling water pressure regulator for calorimeter, pellet press, and calorimeter supplies
worth about $11,265 was also purchased.




North Dakota State University
PI Report Page No. 1
Sponsor Funding Report Run Date 06/20/2012
As of June 08, 2012. Run Time 20:01:55

AWARD: FARDO16577 PROJECT: FAROO16577

AWARD NAME: Biomass Testing Laboratory for Physical and Thermal PROJECT MAME: Biomass Testing Laboratory for

AWARD DEPT: 7620 AES Ag & Biosystems Eng PROJECT DEPT: 7620 AES Ag & Biosystems Eng
PROJECT STATUS: ACTIVE

AGENCY : ND Industrial Commission F&A RATE: 0.000

AWARD PI: Gustafson,Cole R PROJECT PI: Gustafson,Cole R

AWARD START DATE: 06/01/2010 PROJ START DATE: 06/01/2010

AWARD END DATE: 05/31/2012 PROJ END DATE: 05/31/2012
FUND CODE: 46000 Research-level 4

EXPENSE DESCRIPTION BUDGET CURRENT MO CUMULATIVE OUTSTANDINRG OUTSTANDING AVAILABLE PERCENT
EXPENSES EXPENSES ENCUMBRANCE BUDGET AVAILABLE
Salaries-Reglr . . . . 0.00 . 0.00
Salaries-Other 0.00 0.00
Salaries-Temp 5 . c . 0.00 . 0.00
Salaries-0T = B F 5 0.00 F 0.00
Salaries-Fac . e F = 0.00 3 0.00
Salaries-Grad Asst . - . - 0.00 . 0.00
Benefits = s . = " 0.00

TOTAL PERSONNEL EXPENSE - . R . 0.00

Travel

Supplies

Food and Clothing
Bldg,Grounds,Vehicle Supply
Miscellaneous Supplies
office Supplies

Postage

Printing

Minor Equipment

Utilities

Insurance

Rents & Leases

Repairs

IT Communications
Professional Development
Operating Fees and Services
Professional Fee & Services
Medical, Dental, & Optical
Miscellaneous Expenses
Subcontracts

Interest Expense

Cost of Goods Sold

0000000000000 00000000
O 0000000000000 OoO0O0O0OO00O0O0

TOTAL OPERATING EXPENSE

=]

Waivers, Scholar & Fellow

TOTAL WAIVERS,SCH & FELLOW

Capital Asset Expense 0. . . = 0.
Equipment 225,000. : 188,571. 5 El 36,428.
TOTAL EQUIPMENT EXPENSE 225,000. . 188,571. . 36,428.

TOTAL DIRECT COST 225,000. i 188,571. . 36,428.

F&A

TOTAL F&A EXPENSE

GRAND TOTAL 225,000, . 188,571. . 36,428.

Report ID: SFRNDULlO1PC

Fig. A1-3. NDSU sponsor funding report showing the expenditure incurred and balance
available as of June 08, 2012

Representation to utilize to balance funds $36,428 (Fig. A1-3), originally meant for equipment
(> $5000), for purchase of “supplies” (items <$2500) was sent to NDIC. Also an extension of
three months — up to September, 2012, was also requested. These permissions will allow to test
the various biomass samples that will be made available during the fall of 2012 and beyond. We
are hopeful that this permission will be received.
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Second Amendment to Contract No. R-008-018

This amendment is between the State of North Dakota acting by and through its Industrial Commission,
hereafter called Commission, anc the North Dakota State University, hereafter called Contractor.

This amendment is to Contract No. R-008-018 which was originally executed by the Commission on November
23, 2010 and then further amended on April 13, 2012. Requests have been made to allow the filing of an
additional report to include test results for work conducted in the laboratory utilizing the equipment purchased
with these dallars; flexibility in expending $36,428.59 for additional supplies and equipment related to the
equipment previously purchased and the naming of a new Principal Investigator due to the untimely death of Dr.
Cole Gustafson. Contract No. R-008-018 Paragraphs 2 and 3 are amended to read as follows:

2. Scope of Work
a. The Contractor agrees to purchase the following four pieces of equipment:

* Thermo-Gravimetric Analyzer;

*  Universal Testing Machine (high capacity MTI model)

* Environmental Control Chamber

*  Bomb Calorimeter
in order to facilitate the establishment of a testing laboratory to conduct the work described in the
amended Exhibit A, entitled Biomass Testing Laboratory for Physical and Thermal Characteristics of
Feedstock of North Dakota, which is attached to this Agreement and is made a part of it. The Contractor
is further authorized to utilize funds in the amount of $36,428.59 for supplies and materials including
additional replacement parts for the purchased equipment related to the work being conducted on the
four pieces of equipment listed above.* Exhibit A is amended to name Igathinathane Cannayen as the
Principal Investigator due to the untimely death of Dr. Cole Gustafson.*

Contractor agrees to provide Reports for the work mentioned in Paragraph 2a as follows:

Status Report: November 30, 2010
Status Report: April 30, 2012

Final Report: June 30, 2012
Amended Final Report October 31, 2012*

The Reports shall be in campliance with 5.11 of the Industrial Commission/Renewable Energy Development
Program Policies. If requested, the Contractor will provide a tour of the facility where the work is being
conducted to the Council and/or staff. Each Report must provide documentation verifying the receipt of the
private matching funds. The project data and reports shall be provided to the Department of Commerce &
Renewable Energy Council in both electronic and hard-copy formats with permission for unrestricted
distribution. The electronic versions shall be in a suitable format for hosting on the Department of
Commerce and Renewable Energy Council websites. Specifically, the Final Report must include a single page
project summary describing the purpose of the project, the work accomplished, the project’s results, and
the potential applications of the project.

3. Consideration
a. For performing the work the Commission agrees to grant to Contractor an amount not to exceed
$225,000 according to the following schedule:

Upon execution of the contract and verification that
matching funds of $225,000 have been identified $ 22,500.00

Upon receipt and consideration of receipts for purchased
equipment identified above $166,071.41*
Upon filing of amended final report $36,428.59*




Amendment to Contract R-008-018
Page 2

MORTH DAKOTA STATE UNIVERSITY MNORTH DAKOTA INDUSTRIAL COMMISSION

VAN

lgathmﬂhane Cannayen Karlene ‘F‘ne
Executive Director

Assitant Professor

Date: _07/30/2012 Date: 7/3‘3/10'2-

‘pro\.rlsm ns changed in cont ran

Assistant Diractor
Difice of Spansarad Programs Administratlon

Fig. Al-4. Received amendment from NDIC for spending the balance funds for supply
purchase

We are thankful to NDIC for approving this amendment (Fig. A1-4) towards the purchase of
supply items of BTL that will help producing results efficiently.
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Fig. A1-5. NDSU sponsor funding report showing the expenditure incurred and balance
available as of October 22, 2012




This report is not showing some of the funds being utilized in supply purchases (shown below)

that are being processed.

Outstanding invoices Details Amount
Lowe’s, Fastenal, Staples Office and fabrication supplies $102.14
Cole Parmer Laboratory supplies $8,388.13
Rubbermaid Laboratory trolley $178.66
Fisher Scientific Laboratory supplies $38.48
Old Will Knotts Scale Moisture measuring balance $1756.00
Praxair Specialty gases refill $624.54

Instrumart Electrical energy measurement $2,187.00
Total $13,274.95




Appendix - lI: Equipment quote and literature

A. Thermal Analyzer — TGA/DSC

METTLER TOLEDO QUOTE

1800 Folaris Parkway Created By.  Bisine Weddle Quote #: BW1-11-01-0007
Celumbus, OH 43240 MatChar Instrument Sales Spec Date: 0131/2011
Phone [B00) 523-5123 Phane: (847) B0B-1356

Fax (514} 4384800 Fax: {614) 985-9001

www.mb.eom Bizine Weddle@imt com

Quote To: Ship To:

Mirth Caxota State Universdy Narth Gakota State University

lgatty Cannayen lgatre Cannayen

1221 Albreont Blvd 1221 Albrecht Slwd

Fargo, ND 58102 Fargo, ND 58102

Phone: (701) 867-3011 Phone: (101) 667-3011

Fax; (T01) 667-3054 Faw: (701) 667-3054

Emall: Igathinathzne. Cannayen@ndsu Email: Igathinathane Cannayen@ndsu.edu

Hem & Qty. Description Unit Disc, Extonded

TGA/DSCHISF 1 TGAJOSCH/SF $54,619.00 15.00% $46,426.15
TGADSCTUSF
HIGH TEMPERATURE THERMOGRAVIMETRIC ANALYZER WITH DSC
Part of Mettior- Talado's new Therrmal Analysis Excellerce ine of betruments, the
TAADSCT incarpanalon Pre et lechnalogy, with o iadilonl masuie deign
alorg with high-gunity Swies precision mesctignies. This unk inciydes our
stendard temoeratum furacs wih & emperators mnge om asbient uo © 1100°
C and can actommodat SETH voLIMes 4 4 150Ul Soe boow for your
creive of sample holders and possbio Salarce configumtions. In agdtion o
mnassrrg e mass chrge of pout sempie yerg e most sdewoed baliios
tecrroingy ity TOA imstnemied, this mooel s sdds e satsatlly 1o My
tha hesst fow (DST signal] Fom freestione in yoor samples 2 wel. This meers
that with Fxs instrumant, (5 sossible 1 sasly measire ercothermic and
aofreriG tinstinn thet So nol reaut in s oas of raes (e g polymorpiaim,
muieg, crysisfization, etc. | Fos myvering consadscriny mom eformston shout
your snrolt tham s posstde n a standatd TGAanly imsromect. The DSE signat
akio shows 127 the Use of melting point standands lor easier 553 mor sccunite
tomporature ane fnat fow caleraton than s postbie usirg the magnotic
Cstlin bl sharetinds thid e uhed in wirpis TGA-anly Faliursints. The
TGADSST i corpalite wilh wwel, aiditing. pducing, ad even reactn (e
It =2 alts Se ConnBCE 1y YO BUTRE 302 Soraimg uncEr VECLLM wiETLE any
modicsons

Insdrummnt ncludes. Crprsting listruthens, Calivnlion K mndum, Auminues
and Geid for lompotalie calbraton, Crotitie kasding set 70 L Alsminum Ouide
rushies (20 pex | Wi removabie din. TGA domo croctie suL DOWDE Tobe and 4
LA cadde o histioroee @ Lanninusioaio

Opfiennl Serm roiudes Muefles robote srpla chargsr fuilh i percing sd
rerroval], vanous Salance configaatons, gnd varous g fiow contrdl aptics.
Pisase rouins fof mone cetsb.

51142005

SOTAE Small Furmnace

METTLER TOLEDD Patentes Singie Oferortal Thormal Anaiysis (SDITA)
bcrrelony provides the bew) sieuteranis rfarrence o e slireitive pres
T SOTA sivivher Peevidens @ olies il ficr St Restounly mith your ypeal
Tass change (nigmmation which zan b usold to Hel interpret esdis and o
caiizaia the system using meling polnt standaords.  Bozaune thees i only ene
T, yous 0 sl i 10wy WEout el gradiorin of sceseircty of
hiating  The sbogie seereie alae aliows the Limncs o be ynialer i et
inmporaiure conired  Tha SHTA seraor provides g ondine heat fow sgnal Wik a
messiuen of O Smiw

MX1-TGA

MX1-TGA MICRO BALANGE




"METTLER TOLEDD Insicde”

Integrated palonted METTLER TOLEDD micro bhalanc with o $000 mg saplo
cRowcity i sormuous resoluson of © ug owee the enton wieght s withou!
range swiching  Paraiel guised s gy for p r wenrg
eiminates wighng tirors, dut o The thermal expansion of T sample support.
Readabiny tug Repeatablity C.9ug/ Linearty +/dug

FaswC

200 WATT CRYOSTAT
Convard terparatarn morailuion bothe s used with ths TOA TMA. s
aptiorally fir e fagh pressure TEC W cool the furrecs and mantsin & constng
mmpemtun of Mme balano (TGA) o measuring cef (TAA). Mainiaing
tnmperatumne at sof temperaiure +/ 0.01°C
51142671
GC200 DUAL MASS FLOW CONTROLLER (4 GAS)
The GC200 MASS ELOW CONTROLLER aliows you to switch and cortrol the
Ticaw tintie F 4D 30 Teon difart purge giies B poor waperiresel Ao inchuds &
ot ow controlis wheh cordots (h profecn gas for B balinge o
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ChEngE U YA InpeTiuTe SO,

TA-SW Silver 1 TA-SW Sitver $19,601.00 50.00%
51143645
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Universal Testing Machine

Measurements Technology, Inc.
4240 Loch Highland Pkwy.  Roswell, GA 30075  770-587-2222 FAX: 770-592.3385

North Dakota State University Quotation No. 110201
NDSU Dept. 7620 February 2, 2011
Fargo, ND 58108 until May 2, 2011

Attn: Prof. Igathinathane Cannayen
Measurements Technology Inc. is pleased to offer for consideration for purchase the

MTI-100K Universal Testing System
as priced and described in the following cost and technical proposal.

| MTI-100K Universal Testing System: $ 55,000.00 |

Included Equipment, Accessories, Features and Support Equipment:

100,000 pounds capacity high-stiffness Floor Model test frame with calibrations.

MTI C-DAS Pentium I'V Data-Acquisition and Analysis and Control System.

One tensile/compression Universal Load Cell up to full frame capacity.

One tensile universal joint and linkage rods to adapt to tensile grips.

One MTI AD-24 Automatic 24-bit Load signal conditioner subsystem.

One MTI AD-24 Automatic 24-bit Deflectometer/Strain Extensometer signal conditioner subsystem.

Crosshead displacement measurement and reporting to a resolution of 0.00001 inches.

Installation and operation training manual (on-site training is optional)

Testing and Analysis software to support all testing as later described.

All MT1 data acquisition and control software, including source code, is furnished.
(The list of standard test programs follows later. Included accessories are described in detail
in the following sections of this quotation.)

Available Accessories and Options:

Set of 15,000 pound capacity tensile specimen Grips $ 3,920.00
or, one set of 30,000 pound capacity tensile specimen Grips S 4,800.00
or, one set of 60,000 pound capacity tensile specimen Grips § 6,250.00

One set of Cmnlpression loading platens § L1B00.00

20,000 pounds force capacity tensile/compression load cell § 900.00

(100,000 pounds force load cell is included in the system price)

On-site Installation and Training $ 900.00 per day plus travel expenses
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Terms:
FOB Point is Roswell, Georgia, USA.  Shipment shall be 6 - 8 weeks ARO.  All duties, taxes and
shipping charges are paid by the customer. Warranty period is two years from date of installation.

Payment terms are:
35% down payment at placement of order. Remaining balance net 30 days after system shipment.

MEASUREMENTS TECHNOLOGY, INC.
M. Duggan

Michael F. Duggan
President

W nsi-atianda com meastechi@mindspeing com




MTI-100K

450 kN (100,000 Pounds) Force Capacity
Automated Universal Testing System




Optional Equipment:

Tensile Wedge Grips:
A set of 15,000 or 30,000 or 60,000 pound capacity Wedge Grips can be provided. A set of cross-
hatch file-face flat inserts is included with the grips. Optional inserts can be furnished for griping
circular specimens. 15K grips weigh 7 Ibs. each. 30K grips weigh 18 lbs. 60K grips weigh 42 lbs.

Compression Platens with Spherical Seat
A set of 6-inch diameter hardened compression platens can be provided. The upper platen is attached
directly to the load cell mounted on the bottom of the traveling crosshead. The lower platen, with
spherical alignment seat, rests on the bottom fixed crosshead. Platen surfaces are 2-inch thick surface
finished steel.

Load Cells:
Additional load cells of 20,000 pounds capacity can be provided.




Environment Control Chamber

es fc ESPEC NOHTH AMERICA, INC "
ati wrwany. Hudsoralie, M1 48426
BIV-GI0-ESPEC « 0 M-B0H0-6 100 « fao £70-006.01 50 Qu otatl o n

WA ST s

SALES REP #: WTM-MN DATE SHIPPING TERMS
QUOTATION #:.  MP020371-04 Feb. 3, 11 FOB Origin, Hudsonvile, Ml
REVISION #: 1 OFFERVALIDITY TERMS

30 Days Nat 30 Days [ Subjeot 1 cred! spgrial)

Igathinathane (lgath) Cannayen, PH.D. {701)667-3011
Naorth Dakota State University

NDSU Dept. 7620

PO Box 6050

Fargo, ND 581086050

GSQ €C Quotation

BTX-475 4 CU. FT. BENCHTOP TEMPERATURE/HUMIDITY CHAMBER
Price $42,810.00
Fraignt to ND $620.00

GENERAL SPECIFICATIONS

Temparalurs range. ~10°C 10 1B0°C (40 £°C Mustustion al cantral seraer afer statullzation)
Temparature eyeling rale: 2.75°CIm (emply ehamet, per 1EC S008I L6, al supply sensar)
Aciunl ehanpe rate depends ar festiog mnge S0 st samale e
Humidity range: 10 to 85% RH per chart wihout i oad)
100 = T
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Intarior woluma: 4 cuble fasl

Intarior dimensions: 1HE" x 15" x 226 (WxDxH)

Exterior dimensions: 0" x3IS " x4T (WxDxH)

Power supply sourca: 208230V 12 60Hz 12A full-load (NEMA 67 pleg)

Filterad water supply; 0.2 to 10 pSicm resistivity Fnered o 5 microns, max 2mgiL e chiorine
38" NPT connection (Gonnghon and witnr wsting oy Suyars

Condensate Drain: 318" NPT connection igrwity drein]

Ridom Tamperature: 10 to 25°C for assured porformance, S to 35°C allowable and free
of sharp temparatuns fluctuatons. (0.9°Cimin or 3°CI30 mirs )

STANDARD FEATURES

CHAMBER DESIGN FEATURES:

= High performance and quiet operation (85 dBA)

- Space-saving foutprinl, designed for fiush installaton to wall

« Stainlegs steel extarior and durable thermoelormed plastic door

« Full thermal break around doorframe

* Ona 2 diamater cabla port on Bft, with flaxible silicona plug

* Thresa laveis of avarneat protectan

+ Detachable eight-foot power cord with plug

+ Accurate wet/dry-bulb humidity measurement system & easy lo maintain ($olid-glate sensor may be
substituted at no charge)

WATLOW F4 PROGRAMMER/CONTROLLER

» Popular PiD controlier for test chambers

= Stores 40 differant profiles (total 256 staps)

= Siep types (nclude: ramp, soak, [ump, auto-start, and end

+ RS-232C Modbus interface (free standard ‘configurator software via download)

Not for use with spoch which ara expl or (i tain such sub. Ta
do &0 could be hazardous, as this may load fo fire or expl are nct designed to auto
defrost. Based on test condltions and duration of testing, poriodi | defrosting maybe required
Does not apply to humidity mode.

MPO20311-04 February 3, 2011




Benchtop Test Chambers

Temperature and Humidity




SPECIFICATIONS - 4 cu. /7. MODELS —

-20 1o 180°C -T0to 1B0°C -20 10 180°C
{4 10 354°F) (-100 10 354°F) {4 20 354'F)

1.5°C/m heat-to 2.75°C/m heat-up 157Cim heat-up

£ 0.5°C, per IEC BO0SE 3-5
= 1.5C (up 1o 100°C), per IEC B006E 3-8
190W t 0°C 300W to -40°C

10 10 85% AH, per chart beiow
5% AH per IEC B006E 3-5 except measured in supply
&

4cu (1oL
Interior (W x D x H) 19.6° x 157 x Z3.6° (500 % 380 x 500 mm)
Extenor (Wx D xH) 30° % 335" x 47" (760 X 850 x 1150 )
Heaters S00W 1000 W 500W
Falrigamation 1/3-hp x1 (single-stage) 3/4-hp x2 (caseade) 1/31p x1 (single-slage)
Alr Circutaton 200 cu. fLimin. (5.6 m3imin. )
Fower 120V 1ph B0Hz, 16A max, 208/230V 1ph 60H2 124 max. 120V 1ph B0HZ, 16A max.
Weight 350 Ibs. (160 kg) 550 Ibs. (250 ko) 350 Ibs. (160 ko)
Sound Level 65 aBA (1 meter away from door)
3000 BTUMHr
Supply: 38" NPT, 30-50 peg
Pty recured .2 pSiem 1 40 pliem
Room Temperature Performance assunsd when oom temp. is steady, 18 1o 27°C (65 to 80'F)

Chart shows examgie of haating end coaling ramgps during Controlied hurnidity range for 8TL-433 & BTX-475 models
IEC 60068 3-5 qualfication (see page 3). {withouwt live laad). Optional low humidty ange shown in red

150 ] r IL BTL/STUL33 1 5'Cim
| — T T2 2 57Cm
100+ jv \
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Calorimeter

14003234340

/2 Cole-Parmer Quotation 7 .

Dedivering Solutions You Trus!_ . WWW.COLEPARMER COM

Billing Address 057793-38 _ Page 10of2

NORTH DAKOTA STATE UNIV Quotes Customer RFQ
181 ALBRECHT BLVE TELECON 210a/1 1
FARGO ND 58105 i

USA, lic

020032011 ALL PRICES VALID 60 DAYS

Shipping Address 537136-01 _ Prepared For

NCATHERN GREAT PLAINS RESEARCH LABS [GATHINATHANE CANNAYEN

1701 10TH AVE SW PHONE: 701-667-3011
MANDAN ND 58554 EMAIL: IGATHINATHANE CANNAYEN@NDSU.EDU

US.A

Thank you for the opportunity to serve you!

NET 30 DAYS. FREIGHT CHARGES ARE NOT INCLUDED IN THIS QUOTE BUT WILL BE ADDED TO YOUR
INVOICE, IF APPLICABLE.

1-3 DAYS AFTER RECEIPT OF ORDER IF [TEMS ARE IN STOCK. SPECIFIC DELIVERY INFORMATICN IS
LISTED IN THE LINE ITEM DETAIL BELOW.

Line Gty UOM  lHem# Description wﬁm il Unk Extended

1 1 EA EW-S090530 CALORIMTR G2000BASIC V2115V 185,000 LBS 17 Days § 2122000 § 2122000

ESTIMATED PRODUCT NET WEIGHT (L2S): FOB: SHIPPING POINT USS
ESTIMATED PRODUCT NET WEIGHT (KGS):

ESTIMATED PRODUCT GRGSS WEIGHT (LBS):

ESTIMATED PRODUCT GROSS WEIGHT (KGS):

ESTIMATED PRODUCT GRCSS SIZE (CUBIC FEET):

NOTES:
TO PLACE AN ORDER FOR THE ITEMS ON THIS QUCTATION, PLEASE CONTACT A CUSTOMER SERVICE REPRESENTATIVE AT

1-600-323-4340 OR YOU MAY USE THIS QUOTATION TO FLACE AN ORDER AT WWW.COLEPARMER.COM

625 East Bunker Court « Vernon Hills, IL 60061-1844 - USA




C 2000 Calorimeter




4.1 C 2000 basic

Control panel
Keyboard

[E)lsplaylectmnica unit
Measuring cell
Temperature sensor
Oxygen filling device
Decomposition vessel
(Accessory, please
order seperately)

C 2000 basic Measuring call cover

e =S TR S S

C 2000 basic Version 2

For determination of calorific values of solid and li-
quid fuels Halogen resistant and catalytic activated
decomposition vessel for simultaneous decomposi-
tion of halogens and sulfur included.

Consisting of:

C 2000 basic

C 5012 Decomposition vessel, halogen resistant

Consumables for installation, calibration and
unit start up are also included with delivery.

230V/50-60 Hz 8801200

115V / 50-60 Hz 5801901




Appendix — lll: Mathematical modeling of hydration characteristics of
biomass

Storage characteristics of biomass are strongly connected with the moisture content, as dry
material store well and moist will have shorter shelf life. Thus study of hydration (the rate at
which moisture absorbed by the material) when biomass exposed to an environment of specified
temperature and RH relates to the storage characteristics. Moisture absorption hydration
modeling is fitting the observed moisture absorption characteristics (moisture vs time using the
environment control chamber studies) in mathematical models that were meant to simulate the
observed characteristics. This section presents some of the sorption kinetics hydration models
studied.

Exponential Model

M,—-M
M. =M, wp( =k L)

M=Mg-(M_ = Mq) X smp(=Fkgt)

Where M= predicted equilibrium moisture content of material selected in dry basis (d.b.), M =
instantaneous moisture content of material (d.b.) at any time 7, M, = initial moisture content of
material selected (d.b.), k. = sorption rate constant (h™") of exponential model, and 7 = time of
sorption (h).

Page Model

M,—M .
m—m(—kt j.

M =M-(M, — Mg) % enpl—kt™)

Where k = sorption rate constant (h™) of Page model, and 1 = exponent (dimensionless) of Page
model.

Peleg Model

Peleg (1988) proposed a simple non-exponential equation to describe sorption behavior of food
materials:

&

M=Mo* e
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Where M is moisture content at time # (% d.b.); M, is initial moisture content (d.b.); ¢ is socking
time (h); & and k;, are constants. The rate of sorption R can be obtained from first derivative of
the Peleg equation

dM oy

R= o = T+ e

The Peleg rate constant k; relates to the initial sorption rate Ry, i.e. Ratt =1t

dM 1

Hr_5= E i R:j_

Where M, = equilibrium moisture content (% d.b.).

Thus, the Peleg model has the advantage of estimating the equilibrium moisture content and
initial sorption rate. It can predict the model based on initial moisture content rather than Page
model based on both initial moisture content and equilibrium moisture content.

Using SAS procedure NLIN the various model constants of these models can be evaluated with
the observed characteristics (M, ¢) as inputs. The performance of the model can be compared
with the original characteristics using performance parameters such as coefficient of
determination (R?) as well as mean square deviation (MSD).

Temperature Dependence of Model Parameters — Arrhenius Model

E
[¥ = .‘IGKF[ RT]

Where P = parameter modeled and takes the parameters ke, &, n, 1/k;, 1/k, with consistent units,
A = frequency factor of the initial hydration rate with consistent unites of selected parameter P, E
= activation energy (kJ mol™) of model considered, R = universal gas constant (8.314 x 10-3 kJ
mol” K™, and T = absolute temperature (K).

Again using SAS procedure NLIN the Arrhenius model constants (£ and A4) can be evaluated
with the other hydration model constants as inputs. Using this model the temperature dependence
of the hydration model constants was evaluated. The hydration model constants at any
temperature in the studied range can estimated from the Arrhenius model results. Thus the
combination of hydration kinetics and Arrhenius models it is possible to predict the moisture
condition of biomass at any time and temperature in the range of variables studied.
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Appendix — IV: Installation issues and solution

A. Environmental control chamber installation

The environmental control chamber was received and placed at BTL (Fig. A4-1). Meanwhile, we
ordered the shelves from the suppliers, which were not the part of the basic unit. Also we wanted
to make the utilities from the lab side to be in compliance with the requirements of the
equipment.

Fig. A4-1. Environmental control chamber as received and ready to be installed

The equipment (ESPEC - Environmental Control Chamber: BTX-475) needs a special voltage of
208/230 V, 60 Hz, and 12A (NEMA 60-20 plug), which is not common in laboratory setting.

A local electrical specialist was brought and this electrical supply arrangement was made. The
equipment also needs filtered water to be supplied at a pressure of 30 PSI. While arranging these
specialized utilities, a request for training and installation was sent to the supplier in July 2011.
Suppliers scheduled the October 3-4, 2011 for installation and demonstration. This long time gap
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was because of the time needed to obtain the optional items and necessary utilities. Before the
technician arrived we gave the water connection and prepped the chamber. A special bladder air
pressure device was attached to the equipment to supply the water (Fig. A4-2). Later this
arrangement was dismantled and lab-wide unit providing RO water was installed at the end of
November, 2011; and the equipment was now connected directly to the water supply tap.

Fig. A4-2. Bladder air pressure arrangement for pressurized water supply to equipment

The technician found that the chamber was flooded with water (Fig. A4-3 - top) and suspected
that it would have affected the electronics (Fig. A4-3 — bottom-left) and recommended a fan
should be run continuously for 3-4 days and we have followed that suggestion (Fig. A4-3 —
bottom-right).

The technician indicated that the flooding was due to not removing a packing in the water input
line that was in place when equipment was shipped. The technician left without installing the
equipment as he suspected the electronics would have flooded and installation would have
caused serious damage to the equipment if proceeded. When we contacted the supplier for
second installation attempt they said the fault is ours and will cost another fresh installation
charge. Even though we requested for some consideration, they said that it is not possible
without additional charges as the technician is too busy and transportation cost the most part.
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Fig. A4-3. Water flooding issue inside equipment (top), electronics (bottom-left), and
moisture removal by pedestal fan (bottom-right)

Also we were told if the technician is around ND for other assignments, we will be contacted and
offered a reduction in installation charges. As this was uncertain, we proceeded with the
installation on our own and successfully completed it using the online technical support. In fact,
the flooding did not affect the equipment the electronic circuits. We used the equipment to study
the hydration characteristics of biomass samples successfully as presented in results.
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B. Universal testing machine installation

The UTM is a heavy and high capacity machine (Fig. A4-4). The equipment was received and
kept in the ND state shop, and need to be moved to the BTL located at the main administrative
building of NGPRL, USDA-ARS, Mandan, ND.

Fig. A4-4. UTM received and kept in NDSU State shop

This equipment weigh about 2500 Ibs, and is beyond the capacity of the technical crew of the
NGPRL. So we went for professional movers competitive quotes. Two of the companies quoted
more than $3500, and fortunately another company called “Action Movers” quoted was $727
and we have chosen them and ordered for the move. The quote would have cost us extra if they
brought their forklift. However, with NGPRL forklift and the crew helping we saved some
expense. A series of activities of transporting with proper packing and moving into BTL are
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depicted in figure A4-5. The professional movers with a crew of six members did a good job and
the safely moved the equipment to the BTL. The move took about 2.5 hours and was performed
on September 6, 2011.

Fig. A4-5. Sequence of moving the UTM from the State shop to BTL by professional
movers

When the equipment was powered on after giving the necessary connections it worked once and
stopped unfortunately. This was reported to the supplier, who is expected to perform the
installation and training, requested us to check a few things before he comes for the official
installation and training. So we started following their instructions and did some checking. It was
suspected that some component was defective but we were told before shipping everything was
checked OK. The equipment is operated by computer control thus there are two major systems
namely (i) computer control and (ii) equipment control. As several components, controls, and
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circuit boards were involved and the faulty component was not diagnosed correctly, they asked
us to dismantle first computer control chords (PCB) and then equipment control components and
chords. They checked the components and chords we sent and shipped it back. Some of the
components sent/received and tested at supplier and our facilities are shown in figure A4-6.

Fig. A4-6. Various components of the computer and UTM controls shipped and received
after testing in a fault finding mission

Thus we sent and received the following components during this fault finding mission

(1) Computer chords sent and tested OK, (i1) UTM frame control chords sent and tested OK,

(i11)) UTM frame control box received and tested, (iv) Power chords sent and tested OK, (v) Hand
held motor was received to check, (vi) Servo drive unit with amplifier was received and worked
well (Fig. 16), and finally (vii) shipping back all the borrowed components.

In these sequences of shipping and testing, it was found that most of the components were
working alright. This means that the faulty component was not to be detected until some trials
and errors were made. It is unfortunate that the fault-finding mission took this long as only a
single component was defective (Fig. A4-7). Successful replacement of this component was
performed on March 5, 2012 and the equipment is working well now. Supplier paid all the
shipping charges. Since we have performed most of the work in this fault-finding, we negotiated
with supplier and we were promised their digi-cal calipers with direct computer interface that
allows the operator to push a button on the caliper and have dimension transmitted automatically
into the test program (or) extend the their warranty to the equipment for one additional year.
After assessment more negotiation or a decision will be made.




Fig. A4-7. Servo drive unit with amplifier (gold enclosure — right to PCB) was the faulty
component that was detected finally and replaced

For actual testing of the samples special attachments (e.g. shearing, cutting, etc.) need to be
designed and fabricated. It is necessary to design our own attachment and fabricate them, as
these attachments are specialized pieces designed to suit our needs and are usually not available
for direct purchase or supplied with the basic UTM (Fig. A4-4). Therefore for the mechanical
properties determination of selected biomass we designed a double shear device (Fig. 7) and
modified Warner Bratzler device (Fig. 10).

With the designed drawings, we approached local mechanical fabricators of Mandan and
Bismarck, ND. We could get only two firms that can able to make these items and their quotes
were very expensive (> $3000). We then explored the possibility with NDSU, and technicians
from the Agricultural Service Center, NDSU, Fargo informed us to fabricate these attachments
for about $500 or less (final amount will be known after fabrication). So we made the work order
and the fabrication of these attachments were in the final stages.

Experiments will start after receiving the fabricated UTM attachments. An ASABE Annual
Meeting, at Dallas, Texas in August 2012 was submitted on the mechanical strength
characteristics of selected biomass that will be using the data generated from this equipment and
specialized attachment. More information and results will presented and published in regular
outlets in the future.

Installation of the other equipment went on smoothly. Now all of the equipment are successfully
installed and tested. Results were obtained using the equipment were presented and more results
will be generated in the future.




Appendix — V: Samples Used in the Study - Switchgrass Under
Different Water Stress Treatments and Other Biomass Species

A. Specification of switchgrass samples used in the study

2006-6-3-1 CONTROL

2006-12-3-1 CONTROL

2006-3-2-1 JUL-AUG DRY

2006-13-3-1 JUL-AUG DRY

2006-8-3-1 MAY-JUN DRY

2006-16-4-1 MAY-JUN DRY

2007-6-3-1 CONTROL

2007-12-3-1 CONTROL

2007-3-2-1 JUL-AUG DRY

2007-13-3-1 JUL-AUG DRY

2007-8-3-1 MAY-JUN DRY

2007-16-4-1 MAY-JUN DRY

2008-6-3-1 CONTROL

2008-12-3-1 CONTROL

2008-3-2-1 JUL-AUG DRY

2008-13-3-1 JUL-AUG DRY

2008-8-3-1 MAY-JUN DRY

2008-16-4-1 MAY-JUN DRY

Note: The ID (e.g. 2006-6-3-1) refers to 2006 — year, 6 — plot number, 3 — treatment number,

1 —bag number

CONTROL
MAY-JUN DRY
JUL-AUG DR

This treatment with long-term (1913 — 2004) precipitation.
This treatment is water stress during May and June.
This treatment is water stress during July and August.

The above treatments were initiated in 2006. In 2007, all watering treatments were back at the

long-term average (Control). The control was also used in 2008. Samples are collected from the
NGPRL, USDA-ARS, Mandan, ND.

Other biomass feedstocks used are:

Bromegrass, big bluestem, corn stover, intermediate wheat grass, pea stems, and wheat straw.
Note that some of the properties of these crops were already presented.




Fig. A5-1. Picture showing ground switchgrass biomass on aluminum dishes being held in
desiccator for cooling after the oven drying procedure to obtain the bone dry mass in
moisture content determination. The moisture content of the samples used in the study
varied from 4.2% to 7.4% wet basis.




Appendix — VI: Calorific Values of Switchgrass Under Different Water

Stress Treatments and Other Biomass Feedstocks

Table A2. Calorific value and residue content of selected biomass showing replications

Biomass Sample mass (mg) CV (J/g) Residue (mg)
Switchgrass
2006-3-2-1 JUL-AUG DRY 503.3 17107 12.8
519.1 16892 114
508.6 17098 114
2006-6-3-1 CONTROL 506.7 17173 10.0
504.1 17195 134
503.7 17277 13.8
2006-8-3-1 MAY-JUN DRY 503.6 17154 10.5
504.6 17056 9.9
503.0 16975 10.9
2006-12-3-1 CONTROL 505.9 16993 15.1
510.0 17089 12.7
508.7 17045 15.6
2006-13-3-1 JUL-AUG DRY 500.7 17377 9.0
500.1 17329 124
508.5 17449 10.0
2006-16-4-1 MAY-JUN DRY 502.8 16980 10.0
500.6 17406 8.8
506.9 17271 9.2

2007-3-2-1 JUL-AUG DRY 507.6 16806 11.9
510.6 16928 12.0
501.3 17170 13.6
2007-6-3-1 CONTROL 506.1 17221 14.4
508.5 16892 11.8
509.0 17117 13.1
2007-8-3-1 MAY-JUN DRY 504.2 17151 12.5
501.5 17195 10.5
505.1 16795 12.0
2007-12-3-1 CONTROL 508.5 16958 14.1
504.1 16906 12.0
509.4 16809 11.0
2007-13-3-1 JUL-AUG DRY 506.9 16835 15.1
503.7 17421 9.6
508.8 17205 11.0
2007-16-4-1 MAY-JUN DRY 509.1 16960 11.3
503.3 17007 111
503.1 17003 9.6




2008-3-2-1 JUL-AUG DRY

504.0
506.9
508.3

17059
17085
17080

2008-6-3-1 CONTROL

508.4
502.8
501.8

16694
16907
16917

2008-8-3-1 MAY-JUN DRY

508.7
500.9
505.9

17190
17124
17139

2008-12-3-1 CONTROL

509.1
508.2
504.7

17202
16942
16818

2008-13-3-1 JUL-AUG DRY

507.0
503.8
508.5

17113
16911
17266

2008-16-4-1 MAY-JUN DRY

500.7
502.4
509.4

17077
17153
17095

Pea stalks

501.6
510.3
519.1

15204
15312
15423

Intermediate wheat grass

506.5
503.4
514.0

17178
17163
17290

Note: Refer to Appendix V for explanation of the switchgrass biomass labels




Table A3. Consolidated calorific value and residue content of selected biomass

Biomass CV (J/g) STD (J/g) Residue (mg)  STD (mg)
Switchgrass

2006-6-3-1 CONTROL 17215 55 12.4 2.1
2006-12-3-1 CONTROL 17042 48 14.5 1.6
2006-3-2-1 JUL-AUG DRY 17032 11.9 0.8
2006-13-3-1 JUL-AUG DRY 17385 60 10.5 1.7
2006-8-3-1 MAY-JUN DRY 17062 90 10.4 0.5
2006-16-4-1 MAY-JUN DRY 17219 15.5 10.6
2007-6-3-1 CONTROL 17077 13.1 1.3
2007-12-3-1 CONTROL 16891 12.4 1.6
2007-3-2-1 JUL-AUG DRY 16968 125 1.0
2007-13-3-1 JUL-AUG DRY 17154 11.9 2.9
2007-8-3-1 MAY-JUN DRY 17047 11.7 1.0
2007-16-4-1 MAY-JUN DRY 16990 10.7 0.9
2008-6-3-1 CONTROL 16839 135 1.1
2008-12-3-1 CONTROL 16987 13.1 4.1
2008-3-2-1 JUL-AUG DRY 17075 114 0.1
2008-13-3-1 JUL-AUG DRY 17097 11.0 1.2
2008-8-3-1 MAY-JUN DRY 17151 10.4 0.9
2008-16-4-1 MAY-JUN DRY 17108 124 2.5
Pea stalks 15313 6.3 1.5

Intermediate wheat grass 17210 8.4 0.9
Note: STD - standard deviation

Discussion: The CVs of pea stalks were much higher than that of switchgrass and intermediate
wheat grass. With switchgrass, the irrigated and water stressed crops in 2006 and 2007 did not
have difference in CVs; however, in 2008 the water stress switchgrass had higher CVs. Residues
of switchgrass (2.4%) were greater than pea stalks and intermediate wheat grass (1.4%), which
indicates higher concentration of ash or silica in switchgrass. It is interesting to note that the
energy values of switchgrass were not affected by water stress conditions during the crop
growth.




Appendix — VII: Thermal Analysis of Switchgrass Under Different
Irrigation Treatments and Other Biomass Feedstocks

A. Pyrolytic combustion in inert environment (nitrogen as purge gas)

fexo

mg A

&blank Bl (N2) TGA 25-1100C 20C{min M2
Sample Weight
blank , 0.0000 g

1004 &hlank Blk (M2) TGA 23-1100C 20Cmin M2
1 Heatflow
{1 blank , 0.0000 mg

N e e e I B e e e LA B e e e e e e e L S e e e e A s s S e e ) B S
100 200 300 400 500 600 700 200 900 1000 “C

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-1. TGA and DSC blank curves with nitrogen as purge gas




Fig. A7-2. Picture showing alumina sample holder and pyrolyzed ground switchgrass when
nitrogen was used as purge gas. Note that in inert environment such as nitrogen only
charring occurs and carbonaceous material remains; however, with air (presence of

oxygen) only white ash remains




&Switchgrass 2006-3-2-1
Sample weight
Switchgrass 2006-2-2-1, 6.5000 mg

2Switchgrass 2006-3-2-1
Heatflow
Switchgrass 2006-3-2-1, 6.5000 mg

I e e S B e e L A S e e e L e e I e e e e e e LA s e e e e e B
100 200 300 400 500 600 700 200 Q00 1000 “C

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-3. TGA and DSC curves of switchgrass (ID: 2006-3-2-1 Jul-Aug Dry)

&Switchgrass 2006-6-3-1
Sample Weight
Switchgrass 2006-6-2-1, 56,7000 mg

&Switchgrass 2006-6-3-1
Heatflow
Switchgrass 2006-6-3-1, 56,7000 mg

I e e S B e e L A S e e e L e e I e e e e e e LA s e e e e e B
100 200 300 400 500 600 700 200 Q00 1000 “C

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-4. TGA and DSC curves of switchgrass (ID: 2006-6-3-1 Control)




2Switchgrass 2006-2-3-1
Sample Weight
Switchgrass 2006-8-3-1, 7.1000 mg

&Switchgrass 2006-3-3-1
Heatflow
Switchgrass 2006-8-3-1, 7.1000 mg

I e e S B e e L A S e e e L e e I e e e e e e LA s e e e e e B
100 200 300 400 500 600 700 200 Q00 1000 “C

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-5. TGA and DSC curves of switchgrass (ID: 2006-8-3-1 May-Jun Dry)

Hsg-M2-2006-12-3-1
Sample Weight
sg-Mz-2006-12-3-1, 7.4000 mg

1 &sg-N2-20058-12-3-1
1 Heatflow
1 sg-M2-2006-12-3-1, 7.4000 mg

I e e I I B e e e B L B e e e e B L A B e e e B LN B e s e S e S S
100 200 300 400 500 600 700 200 Q00 1000 “C

Lab: ABEN ND5U STAR® SW 10.00

Fig. A7-6. TGA and DSC curves of switchgrass (ID: 2006-12-3-1 Control)




&Gwitchgrass 2006-13-3-1
Sample Weight
Switchgrass 2006-13-3-1, 7.0000 mg

&Switchgrass 2006-13-3-1
Heatfiow
Switchgrass 2006-13-3-1, 7.0000 mg

I e e I I B e e e B L B e e e e B L A B e e e B LN B e s e S e S S
100 200 300 400 500 600 700 200 Q00 1000 “C

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-7. TGA and DSC curves of switchgrass (ID: 2006-13-3-1 Jul-Aug Dry)

2Switchgrass 2006-16-4-1
Sample Weight
Switchgrass 2006-16-4-1, 6.9000 mg

&Switchgrass 2006-16-4-1
Heatflow
Switchgrass 2006-16-4-1, 6.9000 mg

I e e I I B e e e B L B e e e e B L A B e e e B LN B e s e S e S S
100 200 300 400 500 600 700 200 Q00 1000 “C

Lab: ABEN ND5U STAR® SW 10.00

Fig. A7-8. TGA and DSC curves of switchgrass (ID: 2006-16-4-1 May-Jun Dry)




2Switchgrass 2007-2-2-1
Sample Weight
Switchgrass 2007-3-2-1, 6.7000 mg

2Switchgrass 2007-3-2-1
Heatflow
Switchgrass 2007-3-2-1, 6.7000 mg

I e e I I B e e e B L B e e e e B L A B e e e B LN B e s e S e S S
100 200 300 400 500 600 700 200 Q00 1000 “C

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-9. TGA and DSC curves of switchgrass (ID: 2007-3-2-1 Jul-Aug Dry)

&Switchgrass 2007-6-3-1
Sarmple Weight
Switchgrass 2007-6-2-1, 7.1000 mg

&Switchgrass 2007-6-3-1
Heatflow
Switchgrass 2007-6-3-1, 7.1000 mg

I e e I I B e e e B L B e e e e B L A B e e e B LN B e s e S e S S
100 200 300 400 500 600 700 200 Q00 1000 “C

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-10. TGA and DSC curves of switchgrass (ID: 2007-6-3-1 Control)




&Switchgrass 2007-3-3-1
Sample Weight
Switchgrass 2007-8-3-1, 7.0000 mg

&Switchgrass 2007-8-3-1
Heatflow
Switchgrass 2007-2-2-1, 7.0000 mg

I e e I I B e e e B L B e e e e B L A B e e e B LN B e s e S e S S
100 200 300 400 500 600 700 200 Q00 1000 “C

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-11. TGA and DSC curves of switchgrass (ID: 2007-8-3-1 May-Jun Dry)

2Switchgrass 2007-12-3-1
Samnple Wweight
Switchgrass 2007-12-3-1, 6.2000 mg

&Switchgrass 2007-12-3-1
Heatflow
Switchgrass 2007-12-3-1, 6.8000 mg

I e e S B e e L A S e e e L e e I e e e e e e LA s e e e e e B
100 200 300 400 500 600 700 200 Q00 1000 “C

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-12. TGA and DSC curves of switchgrass (ID: 2007-12-3-1 Control)




&Switchgrass 2007-13-3-1
Sample Weight

1 Switchgrass 2007-13-2-1, 6.9000 mg

2Switchgrass 2007-13-3-1
Heatfiow
Switchgrass 2007-13-3-1, 6.9000 mg

I e e S B e e L A S e e e L e e I e e e e e e LA s e e e e e B
100 200 300 400 500 600 700 200 Q00 1000 “C

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-13. TGA and DSC curves of switchgrass (ID: 2007-13-3-1 Jul-Aug Dry)

®2007-16-4-1
Sample Weight
2007-16-4-1, 7.0000 mg

B2007-16-4-1

1 Heatfiow

2007-16-4-1, 7.0000 mg

I e e I I B e e e B L B e e e e B L A B e e e B LN B e s e S e S S
100 200 300 400 500 600 700 200 Q00 1000 “C

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-14. TGA and DSC curves of switchgrass (ID: 2007-16-4-1 May-Jun Dry)




22008-3-2-1
| Sample weight
2008-2-2-1, 7.1000 mg

| zeooazat
Heatflow
2008-3-2-1, 7.1000 mg

S e e e L S B s e e S N B e e e e e NN E e e e e e A e m e e B LI A ma
100 200 300 400 500 600 700 200 Q00 1000

“C

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-15. TGA and DSC curves of switchgrass (ID: 2008-3-2-1 Jul-Aug Dry)

#sg-2008-6-3-1
Sample Weight
sg-2008-5-3-1, 76,9000 mg

#sg-2008-6-3-1
Heatflow
5g-2008-5-3-1, 75,9000 mg

T T T T T T T T T T
100 200 300 400 500 600 700 200 Q00 1000

“C

Lab: ABEN NDSU STAR® SW 10.00

Fig. A7-16. TGA and DSC curves of switchgrass (ID: 2008-6-3-1 Control)




250-2008-8-3-1
Sample Weight
53-2008-8-3-1, 7.1000 mg

#eg-20038-8-3-1
Heatflow
5g-2008-8-3-1, 7,1000 mg

— T
100 200

L B e e L e e e L I B e e e S A s e e e e LI S
300 400 500 600 700 200 Q00 1000 “C

Lab: ABEN NDSU

STAR® S5W 10.00

Fig. A7-17. TGA and DSC curves of switchgrass (ID: 2008-8-3-1 May-Jun Dry)

feg-2008-12-3-1
Sample Yeight
5g-2008-12-3-1, 6.8000 mg

#sg-2008-12-3-1
Heatflow
5g-2008-12-3-1, 6.8000 mg

— T
100 200

L B e e L e e e L I B e e e S A s e e e e LI S
300 400 500 600 700 200 Q00 1000 “C

Lab: ABEN ND5U

STAR® SW 10.00

Fig. A7-18. TGA and DSC curves of switchgrass (ID: 2008-12-3-1 Control)




I&sg-2008-13-3-1
Sample Weight
5g-2008-13-3-1, 6.9000 mg

|850-2008-13-3-1
Heatflow
5g-2008-13-3-1, 6.9000 mg

I e e IR e e e e e e e S L B e e e e N L S e e e e e LI S m e s
100 200 300 400 500 600 700 200 Q00 1000 “C

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-19. TGA and DSC curves of switchgrass (ID: 2008-13-3-1 Jul-Aug Dry)

Besg-2008-16-4-1
Sample Weight
5g-2008-16-4-1, 56,9000 mg

£sg-2008-16-4-1
Heatflow
5g-2008-16-4-1, 56,9000 mg

I e e S B e e L A S e e e L e e I e e e e e e LA s e e e e e B
100 200 300 400 500 600 700 200 Q00 1000 “C

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-20. TGA and DSC curves of switchgrass (ID: 2008-16-4-1 May-June Dry)




1 &MNz-pea--2012-10-30
i Sample Weight
MN2-pea--2012-10-30, 7,1000 mg

&MN2-pea--2012-10-30
Heatflow
M2-pea--2012-10-30, 7.1000 mg

I e e S B e e L A S e e e L e e I e e e e e e LA s e e e e e B
100 200 300 400 500 600 700 200 Q00 1000 “C

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-21. TGA and DSC curves of pea stalks

1 &N2-IwG-2012-10-30
Sample Weight
MN2-IWG--2012-10-30, 7.0000 mg

100

1 &N2-IWG-2012-10-30
Heatflow
MN2-IWG--2012-10-30, 7.0000 mg

I e e S B e e L A S e e e L e e I e e e e e e LA s e e e e e B
100 200 300 400 500 600 700 200 Q00 1000 “C

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-22. TGA and DSC curves of intermediate wheat grass

Discussion: With nitrogen as purge gas the biomass goes through pyrolytic combustion, which
produces pyrolysis gas that was vented out and a solid residue as combustion product. The
combustion product is biochar, which is black and consisted mostly of carbon (Fig. A7.2). TGA
curves of the selected biomass showed a sudden mass loss in the range of 200 to 400°C

112




representing major mass loss due to volatiles loss and charring. After the 400°C the mass
reached a minimum level and gradually reduced or remained constant in the rest of 1100°C. DSC
characteristics showed mostly endothermic reaction (-ve mW values) as the combustion
happened in inert environment. Flattened peak representing the exothermic reaction (+ve mW)
were found in a wide temperature range of 200 to 800°C. This means gradual release of heat
under the inert environment with nitrogen gas. TGA and DSC curves with blank subtraction of
all biomass studied (switchgrass, pea stalks, and intermediate wheat grass) were similar but show
their characteristic thermal signature.

B. Complete combustion in presence of oxygen (air as reaction gas)

&blank Air TGA 25-700C 20C{min Ar BS
Sample Weight
blank , 0.0000 g

LI B s
150

&blank Air TGA 25-700C 20C/{min Air BS
Heatflow
blark , 0.0000 mg

a0 150 630 °C

Lab: ABEN ND5U STAR® SW 10.00

Fig. A7-23. TGA and DSC blank curves with air as reaction gas




Hair-sg-2006-3-2-1
Samnple Weight
air-sg-2006-3-2-1, 7.2000 mg

1

S0 100 150 200 230 300 350 400 430 500 550 600 650

Hair-sg-2006-3-2-1
Heatflow
air-sg-2006-3-2-1, 7.2000 mg

Foo Fa0n

7 Integral
Peak Height
Peak
Extrapol, Peak
Peak width
Left Area
Right Area

800 850 °C

80.41e+03 m]
27715 mw
420,00 =
331.00 =
33.24 °C
B65.75 %
34,25 %

1

50 100 150 200 230 300 350 400 450 500 550 600 630

700 730

200 as0 “C

Lab: ABEN NDSU

STAR® S5W 10.00

Fig. A7-24. TGA and DSC curves of switchgrass (ID: 2006-3-2-1 Jul-Aug Dry)

Hair-sg-2006-6-3-1
Sample Weight
air-5g-2006-6-3-1, 7.0000 mg

1

S0 100 150 200 230 300 350 400 430 500 550 600 650

1 zairsgrooe-e-3-1
1 Heatflow
air-sg-2006-6-3-1, 7.0000 mg

Foo Fa0n

2 Integral

Peak Height

Pealk

Extrapol, Peak

Peak Width
Left Area
Right Area

800 830 “C
74.51e+03 m]
260,04 miw
421,67 *C

420,45 *C

38,07 *C

67.03 %

32,97 %

1

50 100 150 200 230 300 350 400 450 500 550 600
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700 730

200 as0 “C

Lab: ABEN NDSU

STAR® S5W 10.00

Fig. A7-25. TGA and DSC curves of switchgrass (ID: 2006-6-3-1 Control)




Hair-sg-2006-8-3-1
Sample Weight
air-sg-2006-8-3-1, £.8000 mg

1

S0 100 150 200 230 300 350 400 430 500 550 600 650 Foo Fa0n 800 850 °C

7 Integral 76.87e+03 m]
Peak Height 233,21 mw
Peak 419,00 *C
Extrapol. Peak 41823 °C
Peak Width 59,78 *C
Left Area 64,57 %
Right Area 35,43 %

Hair-sg-2005-8-3-1

Heatflow

air-sg-2006-8-3-1, 6,8000 mg

1

50 100 150 200 230 300 350 400 450 500 550 600 630 700 730 200 as0 “C
: ABEN NDSU STAR® S5W 10.00

Fig. A7-26. TGA and DSC curves of switchgrass (ID: 2006-8-3-1 May-Jun Dry)

Bair-sg-2006-12-3-1
Sample Weight
air-sg-20056-12-3-1, 7.2000 mg

1

S0 100 150 200 230 300 350 400 430 500 550 600 650 Foo Fa0n 800 850 °C

? Integral 72.202+02 m]
Peak Height 24712 mw
Peak 408,33 *C
Extrapol. Peak 407,97 =C
Peak Width 42.60 “C
Left Area 64,28 %
Hair-sg-2006-12-3-1 Right Area 35.72 %
Heatflow
air-sg-2006-12-3-1, 7.2000 mg

50 100 150 200 230 300 350 400 450 500 550 600 630 700 730 200 as0 “C

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-27. TGA and DSC curves of switchgrass (ID: 2006-12-3-1 Control)
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Hair-sg-2006-13-3-1
Samnple VWeight
air-sg-2006-13-3-1, 7.4000 mg

1

S0 100 150 200 230 300 350 400 430 500 550 600 650 Foo Fa0n 800 850 °C

2 Integral 72.422+02 ml
Peak Height 288,25 mw
Peak 423,33 *C
Extrapol, Peak 421.08 °C
Peak Width 3126 *C

Left Area 71.49 %

Zair-5g-2006-13-3-1 Right Area 28.51 %

Heatflow
air-sg-20056-13-3-1, 7.4000 mg

50 100 150 200 230 300 350 400 450 500 550 600 630 700 730 200 as0 “C

: ABEN NDSU STAR® S5W 10.00

Fig. A7-28. TGA and DSC curves of switchgrass (ID: 2006-13-3-1 Jul-Aug Dry)
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Beair-sg-2006-16-4-1
Sample Weight
ait-5g-2006-16-4-1, 7.4000 mg

1

S0 100 150 200 230 300 350 400 430 500 550 600 650 Foo Fa0n 800 850 °C

7 Inteqgral F1.47e+03 m)l
Peak Height 205,11
Peak 402,67 *C
Extrapol. Peak 401.00 °C
Peak width 27,15 °C
Left Area 54,98 %
Rair-sg-2006-16-4-1 Right &rea 25.02 %
Heatflow
air-sg-2006-16-4-1, 7.4000 mg
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: ABEN NDSU STAR® S5W 10.00

Fig. A7-29. TGA and DSC curves of switchgrass (ID: 2006-16-4-1 May-Jun Dry)




Hair-sg-2007-3-2-1
Sample Weight
air-5g-2007-3-2-1, 7.3000 mg

1

S0 100 150 200 230 300 350 400 430 500 550 600 650 Foo Fa0n

7 Integral
Peak Height
Peak
Extrapol, Peak
Peak wWidth
Left Area

Zair-sg-2007-3-2-1 Right Area
Heat flow
air-sg-2007-3-2-1, 7.3000 mg

800 850 °C
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258,60 m
421,00 C
419,44 °C
40,36 “C
G870 %
3121 %
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Lab: ABEN NDSU

STAR® S5W 10.00

Fig. A7-30. TGA and DSC curves of switchgrass (ID: 2007-3-2-1 Jul-Aug Dry)

Beair-sg-2007-6-3-1
Sample Weight
air-sg-2007-6-3-1, 7.3000 mg

1

S0 100 150 200 230 300 350 400 430 500 550 600 650 Foo Fa0n

7 Integral
Peak Height
Peak
Extrapol. Peak
Peak wWidth
Left Area
) Right Area
Beair-sg-2007-6-3-1
Heatflow
air-sg-2007-6-3-1, 7.3000 mg

800 850 °C

F740e+03 ml
260,81 mw
406.67 *C
405.04 *C
3702 =C
63,33 %
3063 %

1
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Lab: ABEN NDSU

STAR® S5W 10.00

Fig. A7-31. TGA and DSC curves of switchgrass (ID: 2007-6-3-1 Control)




s

Hair-sg-2007-8-3-1
Samnple Weight
air-sg-2007-8-3-1, 7.4000 mg

250 350 500 250 600 630

7 Integral 59.692+03 mJ
Peak Height 22224 mw
Peak 414,67 *C
Extrapol, Peak 4132.87 °C
Peak wWidth 40,24 “C

Left Area 63.63 %

i o,
Rair-5g-2007-8-3-1 Right Area 36.21 %

Heatflow
ait-5g-2007-8-3-1, 7.4000 mg
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Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-32. TGA and DSC curves of switchgrass (ID: 2007-8-3-1 May-Jun Dry)
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Bair-sg-2007-12-3-1
Sample Weight
aif-5g-2007-12-3-1, 7,1000 mg

250 500 250 600 630

7 Integral 59.23e+03 mJ
Peak Height  247.89 mw
Peak 413.67 *C
Extrapol. Peak 411.96 °C
Peak width 24,18 °C

Left Area 59.81 %
Right Area 40,19 %

1 Bair-sg-2007-12-3-1

Heatflow

| air-sg-2007-12-3-1, 7.1000 mg

T T T
100 300 350 400 430 350 600 650

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-33. TGA and DSC curves of switchgrass (ID: 2007-12-3-1 Control)




#alr-sg-2008-13-3-1
Sample Weight
air-sg-2008-13-3-1, 7.0000 mg

250 500 250 600 630

7 Integral 57.18e+032 m]
Peak Height  245.84 mwy
Peak 411.67 *C
Extrapol. Peak 410,25 °C
Peak Width 26,77 *C
Left Area 63,71 %
Hair-5g-2008-13-3-1 Right &rea 36.29 %
Heatflow
air-sg-2008-13-3-1, 7.0000 mg

600 650

Lab: ABEN NDSU STAR® S5W 10.00

T T T T T T
100 300 350 400 430 350

Fig. A7-34. TGA and DSC curves of switchgrass (ID: 2007-13-3-1 Jul-Aug Dry)
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Hair-sg-2007-16-4-1
Sample Weight
air-5g-2007-16-4-1, 7.5000 mg

250 500 250 600

? Inteqgral 58.75e+03 md
Peak Height 229,72 miw
Peak 412,33 °C
Extrapol. Peak 409.80 °C
Peak width 26.46 *C

Left Area 63,74 %

Bdir-50-2007-16-4-1 Right Area 31.26 %

Heatflow
air-sg-2007-16-4-1, 7.5000 mg

1

T T T T T T T T
100 300 350 400 430 350 600 650 “C

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-35. TGA and DSC curves of switchgrass (ID: 2007-16-4-1 May-Jun Dry)




Hair-sg-2008-3-2-1
Sample Weight
air-sg-2008-3-2-1, 7.0000 mg

250 500 250 600 630

7 Integral 55,20e4+032 m]
Peak Height  257.09 miw
Peak 400,33 *C
Extrapol, Peak 398.84 =C
Peak width 20,37 =C

Left Area 58,75 %

i o,
Reair-sg-2008-3-2-1 Right Are:a 41,25 %

Heatflow
air-sg-2008-3-2-1, 7.0000 mg

1

T T T T T T T
100 300 350 400 350 600 650 “C

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-36. TGA and DSC curves of switchgrass (ID: 2008-3-2-1 Jul-Aug Dry)
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| Bair-sg-2008-5-3-1
Sample Weight
air-5g-2008-6-3-1, 7.1000 mg

250 250 600 630

? Integral 54.028+03 mJ
Peak Height 262,97 mw
Peak 413,67 *C
Extrapol. Peak 399,99 °C
Peak wWidth 28,63 °C

Left Area 63.77 %

i o,
Rair-5g-2008-6-3-1 Right Area 26,23 %

Heatflow
air-sg-2008-6-3-1, 7.1000 mg

1

T T T T T T T T
100 300 350 400 430 350 600 650 “C

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-37. TGA and DSC curves of switchgrass (ID: 2008-6-3-1 Control)




Bair-sg-2008-8-3-1
Sample Weight
air-sg-2008-8-3-1, 7.2000 mg

250 500 250 600 630

7 Integral 62.452+03 m]
Peak Height 286,67 mw
Peak 400,67 =
Extrapol. Peak 392.62 °C
Peak width 22,06 “C
Left Area 62,16 %
Right &rea 27.84 %

Hair-sg-2008-8-3-1

Heatflow

air-sg-2008-8-3-1, 7.2000 mg

T T T
100 300 350 400 350 600 650

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-38. TGA and DSC curves of switchgrass (ID: 2008-8-3-1 May-Jun Dry)

Hair-sg-2008-12-3-1
Sample Weight
air-sg-2008-12-3-1, 7.4000 mg

250 500 250 600

7 Integral 57.69e+03 m]
Peak Height 218,14 mw
Peak 399,33 *C
Extrapol, Peak 397,77 °C
Peak Width 28,38 *C

Left area 59,88 %

Bair-59-2008-12-3-1 Rightt &rea 40,12 %

Heatflow
air-5g-2008-12-3-1, 7.4000 mg

— T T T T
100 150 200 300 350 400 430 600 650

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-39. TGA and DSC curves of switchgrass (ID: 2008-12-3-1 Control)




#alr-sg-2008-13-3-1
Sample Weight
air-sg-2008-13-3-1, 7.0000 mg

250 500 250 600 630

7 Integral 57.18e+032 m]
Peak Height  245.84 mwy
Peak 411.67 *C
Extrapol. Peak 410,25 °C
Peak Width 26,77 *C
Left Area 63,71 %
Hair-5g-2008-13-3-1 Right &rea 36.29 %
Heatflow
air-sg-2008-13-3-1, 7.0000 mg

T
630
Lab: ABEN NDSU STAR® S5W 10.00

T T T T T T T
100 300 350 400 430 350 600

Fig. A7-40. TGA and DSC curves of switchgrass (ID: 2008-13-3-1 Jul-Aug Dry)

Hair-sg-2008-16-4-1
Sample Weight
air-sg-2008-16-4-1, 7,1000 mg

250 350 500 250 600

2 Integral 63.642+03 m]
Peak Height  265.39 mivy
Peak 419,67 *C
Extrapal. Peak 418,11 °C
Peak wWidth 24,14 =C
Left Area 62,29 %
Beair-sg-2008-16-4-1 Right Area 3771 %
Heatflow
air-sg-2008-16-4-1, 7,1000 mg

1

T T T T T T T T
100 300 350 400 430 350 600 650 “C

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-41. TGA and DSC curves of switchgrass (ID: 2008-16-4-1 May-Jun Dry)




Other crops

—
1 ®&air-C51-2012-10-29

Sample Weight
air-C51-2012-10-29, 5,5000 mg

150 200 230 300 350 400 430

7 air-C51-2012-10-29
Heatflow
air-C51-2012-10-29, 5.5000 mg

350

? Integral
Peak Height
Peak

Extrapal. Peak
Peak width
Left Area
Right Area

600

650

48, 42e+03 m]
304,46 i
430,00 =C
302,13 *C
21,25 °C
59,65 %
40,35 %

T T T T T T T T T
50 100 150 200 230 300 350 400 430 500

T
350

T
600

T
650 “C

: ABEN NDSU

Fig. A7-42. TGA and DSC curves of corn stover

STAR® SW 10.00

2air-BRG1-2012-10-29
Sample Weight
| air-BRG1-2012-10-29, 7.3000 mg

BN e e B e s e s s s B B e B LB B B e s e s
150 200 230 300 350 400 430 500

2air-BRG1-2012-10-29
Heatflow
air-BRG1-2012-10-29, 7.3000 mg

T
350

7 Integral
Peak Height
Peak
Extrapol, Peak
Peak Width
Left area
Right Area

T
600

T
650

50.40e+03 m]
113,55 mw
346,00 *C
343,61 °C
179,36 °C
13.22 %
86,78 %

T T T T T T T T T
50 100 150 200 230 300 350 400 430 500

T
350

T
600

T
650 “C

: ABEN NDSU

Fig. A7-43. TGA and DSC curves of bromegrass

STAR® SW 10.00




7 Reair-IWG-2012-10-20
Sarmple Weight
air-IwG-2012-10-20, 7.5000 mg

? Integral
Peak Height
Peak

Extrapol. Peak
Peak wWidth
Left Area

Beair-TWiG-2012-10-20 Right Area

Heatflow
air-Ivis-2012-10-29, 7.5000 mg

250 600 630

51.482+03 ml
141,13 mivy
436,67 *C
246,49 *C
169,73 =C
51.63 %
38,37 %

T —
300 350 400 430 500

T
650

Lab: ABEN NDSU

Fig. A7-44. TGA and DSC curves of intermediate wheat grass

STAR® S5W 10.00

&ar-pea-2012-10-29
Sample Weight
air-pea-2012-10-29, 7.2000 mg

? Integral
Peak Height
Peak
Extrapol. Peak
Peak wWidth
Left Area
Right Area

#&ar-pea-2012-10-29

Heatflow

air-pes-2012-10-29, 7.2000 mg

250 350 250 600 630

52.99e+03 m]
26328 md
421,33 *C
419,93 *C
38.87 °C
55.04 %a
44,96 %

T T T
400 430 350

T
600

T
650

Lab: ABEN NDSU

Fig. A7-45. TGA and DSC curves of pea stalks

STAR® S5W 10.00




R

Halr-wW51-2012-10-29
Sample Weight
air-wS1-2012-10-29, 7.0000 mg

250 350 500 250 600 630

? Integral 54.01e+03 m]
Peak Height  272.08 miw
Peak 415,33 *C
Extrapol. Peak 413,36 °C
Peak width 2745 °C

Left Area 51,80 %

i o,
Hair-ws51-2012-10-29 Right &rea 48.20 %

Heatflow
air-Ws1-2012-10-29, 7.0000 mg

—— N e S e e e e T e e s e e T B e e s e e S S S e S
100 200 230 300 350 400 430 500 350 600 650

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-46. TGA and DSC curves of wheat straw

.
Hair-BBS51-2012-10-29

Sample YWeight
air-BBS1-2012-10-29, 7.2000 mg

500 250 600 630

7 Integral 65.9924+03 m]
Peak Height 146,23 mw
Peak 440,67 *C
Extrapol, Peak 226,21 °C
Peak width 175,12 =C
Left Area 63,98 %
Right Area 26,02 %

#air-eB51-2012-10-29

Heatflow

air-BBS1-2012-10-29, 7.2000 mg

T T T T T T
300 350 400 430 500 650

Lab: ABEN NDSU STAR® S5W 10.00

Fig. A7-47. TGA and DSC curves of big bluestem




Table A4. Consolidated calorific value and residue content of selected biomass

Biomass Integral area - Energy Peak height Peak
() (mWw) (€)

Switchgrass
2006-6-3-1 CONTROL 74.51 260.04 421.7

2006-12-3-1 CONTROL 72.29 247.18 408.3
2006-3-2-1 JUL-AUG DRY 80.41 277.15 429.0
2006-13-3-1 JUL-AUG DRY 73.48 288.25 423.3
2006-8-3-1 MAY-JUN DRY 76.87 233.21 419.0
2006-16-4-1 MAY-JUN DRY 71.47 295.11 402.7
2007-6-3-1 CONTROL 77.40 260.81 406.7
2007-12-3-1 CONTROL 59.23 247.89 413.7
2007-3-2-1 JUL-AUG DRY 78.97 258.60 421.0
2007-13-3-1 JUL-AUG DRY 57.18 248.84 411.7
2007-8-3-1 MAY-JUN DRY 59.69 222.34 414.7
2007-16-4-1 MAY-JUN DRY 58.75 229.78 412.3
2008-6-3-1 CONTROL 64.02 262.97 415.7
2008-12-3-1 CONTROL 57.69 218.14 399.3
2008-3-2-1 JUL-AUG DRY 55.29 257.09 400.3
2008-13-3-1 JUL-AUG DRY 57.18 248.84 411.7
2008-8-3-1 MAY-JUN DRY 62.48 286.67 400.7
2008-16-4-1 MAY-JUN DRY 63.64 265.39 419.7
Corn stover 48.42 304.46 430.0
Bromegrass 50.40 113.55 346.0
Intermediate wheat grass 61.48 141.13 436.7
Pea stalks 62.99 263.28 421.33
Wheat straw 64.01 278.08 415.3
Big bluestem 65.99 146.23 440.7

Discussion: Complete combustion of biomass was achieved in the presence of oxygen that was
supplied by air as reaction gas. TGA and DSC curves of biomass feedstocks were similar but
have their characteristic thermal signature distinguishing them. TGA curves show a rapid
reduction of mass in the approximate temperature range of 250 to 500°C in two stages. DSC
curve shows two clear exothermic peaks in this temperature range. Opposed to nitrogen as purge
gas, with air the combustion (DSC) is predominantly exothermic (+ve mW).

Analysis of the DSC curve produces the area under the DSC curve (integral), peak height (mW),
temperature of the peak, width of peak, and left and right area of peak. These outputs are
characteristics of biomass tested and can be used to distinguish or differentiate biomass
feedstocks. Although DSC curves of switchgrass were similar, the various derived parameters
help to differentiate the biomass feedstocks. It can be observed that the DSC curves of other
biomasses were clearly different from the switchgrass. Bromegrass, intermediate wheat grass,
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and big bluestem were broader than switchgrass that had a narrow second peak. The initial
endothermic region from 25 to 250°C signified the warming or excitation of biomass before
releasing the useful energy. However, the endothermic area (-ve mW) was negligible. Table A4
presents integral area of DSC curves and indicates that the other biomass crops (corn stover,
bromegrass, intermediate wheat grass, pea stalks, wheat straw, and big bluestem) produce lesser
energy than switchgrass. A temperature of about 400°C divides the exothermic peak (left and
right portions), and these data can also be applied to compare thermal properties of biomass.




Appendix — VIlI: Mechanical Properties (Cutting and shearing) of

Selected Biomass Feedstocks

A. Cutting characteristics of selected biomass

Fig. A7-46. Figure showing indigenously developed and fabricated (Figs. 9 and 10)
modified Warner-Bratzler device being used to measure the cutting strength and energy of
biomass stems (e.g. corn stalk). The load cell is at the bottom fixed to the bed of UTM and
knife is moved down by the crosshead in compression mode. Load cell is loaded through
compressing platens.
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Compression Test

Displacement (mm)

Fig. A7-49. Force-displacement cutting characteristics of big bluestem

Compression Test

Displacement (mm)

Fig. A7-50. Force-displacement cutting characteristics of pea stalks
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Compression Test

Displacement (mm)

Fig. A7-51. Force-displacement cutting characteristics of fresh corn stover

Compression Test

Displacement (mm)

Fig. A7-52. Force-displacement cutting characteristics of intermediate wheat grass

130




Compression Test

Displacement (mm)

Fig. A7-53. Force-displacement cutting characteristics of switchgrass

Compression Test

T

Displacement (mm)

Fig. A7-54. Force-displacement cutting characteristics of Barlow wheat




Table A5. Cutting tensile strengths and specific energy of selected biomass showing
replications

Biomass Cutting strength Cutting specific energy
(MPa) (kN/m)

Big bluestem 8.38 41.90
(7.2% w.b.) 13.72 53.18
14.35 39.12
Pea stalks 10.55 242.74
(16.0% w.b.) 6.06 220.53
17.49 316.32
Corn stover fresh 13.01 92.02
(70.3% w.b.) 19.88 87.73
10.24 98.75
Intermediate wheat grass 23.79 74.91
(4.0% w.b.) 25.92 57.30
21.52 56.19
Switchgrass 18.72 86.96
(7.5% w.b.) 21.35 39.19
18.72 59.62
Barlow wheat 5.76 14.77
(7.9% w.b.) 7.89 15.82
7.24 15.86

Table A6. Consolidated cutting strengths and specific energy of selected biomass

Biomass Cutting strength STD Cutting specific STD
(MPa) (MPa) energy (kN/m)
(kN/m)

Pea stalks

(16.0% w.b.) . 259.86
Corn stover fresh

(70.3% w.b.) . 92.83
Intermediate wheat grass

(4.0% w.b.) . 62.80
Switchgrass

(7.5% w.b.) . 61.92
Wheat Barlow

(7.9% w.b.) . . 15.48




B. Shearing characteristics of selected biomass

Tensile Test

Displacement (mm)

Fig. A7-55. Force-displacement shearing characteristics of fresh corn stover

Tensile Test

Displacement (mm)

Fig. A7-56. Force-displacement shearing characteristics of intermediate wheat grass
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Table A7. Shear strengths and specific energy of selected biomass showing replications

Biomass Shear strength Shearing specific
(MPa) energy (kN/m)

Corn stover fresh 12.40 62.25
(70.3% w.b.) 12.60 80.84
13.46 65.87
Intermediate wheat grass 10.87 90.78
(4.0% w.b.) 11.29 169.13
11.90 118.94

Table A8. Consolidated shear strengths and specific energy of selected biomass

Biomass Shear strength STD Shearing specific STD
(MPa) (MPa) energy (kN/m)
(kN/m)

Corn stover fresh

(70.3% w.b.) . 69.66
Intermediate wheat grass

(4.0% w.b.) . 126.28

Discussion: Results of mechanical properties through cutting and shearing tests were presented
in the form of graphs and tables. Force-displacement curves of cutting (Figs. 49-54) sometimes
showed two peaks; the first represented the actual cutting of the stems, and the second
represented cut parts or pealed skins getting entangled and rubs between the knife and support
block. Cutting stress and energy calculated herein was based only on the first peak while
discarding rest of the curves. High moisture in biomass aided in such binding of knife leading to
double or more peaks. Dry stalks get cut cleanly leading to single peaks. Bevel given on the
knife blade caused the stem to lift from the base and get bound between the knife and base.
Force-displacement curves of shearing (Figs. A755-56) were simple and characterized by single
peak. Comparing the cutting and shearing modes with common biomass (corn stalks and
intermediate wheat grass), failure stress was less in shearing mode than in cutting mode.
Shearing and cutting were different mechanisms and resulted in different cut products (double
shear device producing three pieces; cutting device producing two pieces).

Biomass testing laboratory being well equipped with equipment capable of determining the
biomass feedstocks and their products quality through physical, thermal, mechanical, and storage
properties is poised to produce results and serve the local, industrial, and academic needs of ND.
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