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Abstract. The bulk density of corn stover poses a major obstruction to its large scale acceptance as
a biomass feedstock. The loose bulk density of corn stover is low enough to create large
inefficiencies during the harvest, transport, and storage phases of production. Overall production
costs of stover could be reduced if a densification method were developed that provided adequate
bulk density at a low specific energy during the harvest phase of production. So far, stover
densification has been accomplished either by baling, grinding, or briquetting processes. Baling
faces a logistical challenge with the handling cost of an individual bale, grinding systems don’t
achieve high enough bulk densities alone, and briquetting systems generally require stover
preprocessing (grinding), and the addition of heat energy. All of these factors for each system drive
up the unit cost of corn stover production.
This study investigated a densification concept that outputs a flowable product, but does not require
the addition of heat or a reduced particle size. At the time of this writing, preliminary testing has been
conducted on densification characteristics and energy requirements using a uni-axial piston cylinder
that presses stover into a die (similar to an extruder). The stand outputs a tapered cone-shaped
briquette with an average particle volume of 0.0034 m3 (0.12 ft3). Testing showed that an output
particle density of 640 kg/m3 (40 lb/ft3) can be achieved at a compression pressure of 10.3 MPa
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(1500 lb/in2). Logistical modeling of stover harvest showed that this bulk density can reduce in-field
stover cart and over-the-road truck loads by up to 70%.
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Introduction
Corn stover is currently a widely available biomass resource for use as a feedstock for biofuel
production. Depending on the agricultural setting and feedstock use, corn stover can be
harvested in various fractions and amounts to minimize negative soil impacts and maximize
feedstock potential for processing. The low bulk density of corn stover poses a major
obstruction to its large scale acceptance as a biomass feedstock. The loose bulk density of corn
stover ranges from 50 to 130 kg/m3 (3-8 lb/ft3) (Sokhansanj and Turhollow, 2004), which is low
enough to create large inefficiencies during the harvest, transport, and storage phases of
production. A cost-effective means of increasing corn stover bulk density during the harvest
phase will be critical to the feasibility of large-scale production.
Research has been conducted on possible large-scale densification systems for many years.
Ideally, a densification system would bring the bulk-density of stover high enough to minimize
in-field transport wagons and trips, and maximize over-the-road truck loading potential.
Minimum bulk densities to fully load (limited by weight) large, over-the-road trucks (that have
trailer volumes of 70 to 90 m3 (2500-3200 ft3)) range from 270 to 320 kg/m3 (17-21 lb/ft3). Current
production in-field carts that are suitable for stover collection currently reach a maximum volume
capacity of about 31 m3 (1100 ft3), and will require multiple trips to fully load a large truck. In-field
cart sizes, however, are not strictly governed with a maximum weight limit like trucks are, so cart
sizes can be catered to maximize in-field logistical efficiency.
Grinding biomass is a common technique that has been commercialized, is readily available,
and can provide bulk density increases to a variety of materials. Studies of a tub-grinding
biomass system showed that corn stover bulk densities of 50-100 kg/m3 (3-6 lb/ft3) (Kaliyan et al.
2009—1) are possible with a single grinding operation. Hammermill performance with corn
stover has also been quantified, with the output bulk density ranging from 130 to 160 kg/m3 (810 lb/ft3) (Mani et al. 2002). While grinding operations can increase the bulk density of stover,
this operation by itself does not raise it enough to maximize hauling capability. Grinding
operations are also typically have high specific energy requirements, so a densification system
should attempt to minimize the amount of any grinding used within a densification process.
Baling biomass is another common technique that is commercialized today for the production of
livestock feed and bedding. A study of wet baled corn stover in the fall 2009 harvest at the
Agricultural Engineering Farm at Iowa State University in Ames, IA showed baled corn stover
bulk densities ranging from 180 to 230 kg/m3 (11-14.5 lb/ft3) from various fractions of stover.
Baling studies conducted at the University of Wisconsin—Madison during the fall 2002 corn
harvest indicated wet baled bulk densities ranging from 180 to 250 kg/m3 (11-15.5 lb/ft3)
(Shinners et al. 2003). While baling offers an increased bulk density over loose stover, it
presents issues associated with unit handling after the product is made, which complicates
logistics, and drives up unit production costs.
A third technique that has been investigated for biomass production is briquetting/pelleting.
Conventional briquetting systems first grind the biomass to a small particle size (<25 mm (1in)),
add heat to the stover, and then run it through the briquetter to produce the final product.
Studies of both roll-press briquetting and ring-die pelleting mills were conducted at the
University of Minnesota over the past several years. Output bulk density ranged from 420 to 480
kg/m3 (26-30 lb/ft3) at a specific energy requirement of 189-262 MJ/Mg (81.3-112.6 BTU/lb) on
the roll-press briquetter, and 550 to 610 kg/m3 (34-38 lb/ft3) at a specific energy requirement of
403 to 414 (173.3-178.0 BTU/lb) on the ring-die pelleter (Kaliyan et al. 2009—2). These
systems offer great bulk densities and product durability compared with baling and grinding
systems, but require many operations and high energy input to complete.
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Objectives
The objective of this research is to study the densification characteristics of corn stover with a
uni-axial piston cylinder that presses stover into a die, and quantify its logistical impact on large
scale stover production. This research and testing is currently in progress, so the specific
objectives addressed in this paper aimed to show preliminary results, including the effects of
compression pressure and material feed rate on specific energy and output density. The output
densities achieved were then compared with logistical scenarios of stover harvest to quantify
the harvest benefits of this form of densification.

Materials and Methods
Corn Stover Samples:
Stover was supplied from the Agricultural Engineering Research farm at Iowa State University in
Ames, IA during the fall 2009 harvest season. It was harvested using a conventional class 8
combine with a stover harvesting attachment. For these experiments, only ‘field cut’ stover was
used, which is shown in figure 1. Most particles ranged in size from approximately 50 mm to
greater than 400 mm (2-16 in.), with large portions of long cut pieces of stalk in the mixture.

Figure 1. Example of corn stover used in all experiments for this writing.
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Briquetting Procedure:
Stover briquettes were produced using a bench-mounted, uni-axial piston cylinder that pressed
material into a circular, tapered die (figure 2). A 2-way, single-ended hydraulic cylinder with a
flat piston was used to apply pressure to the stover. With the cylinder retracted, an opening on
the top of the compression chamber was exposed where material could be added. The material
is pressed through the circular compression chamber into a tapered die with a circular opening
on the end. The dimensional details of the briquetting bench are detailed in figure 3.

Figure 2. Pressing area on densification bench.

Figure 3. Dimensional details of pressing region.
The briquetting bench was instrumented so piston velocity and force could be controlled and
logged. Hydraulic pressure at the piston end of the cylinder was also collected and logged for
data checking and safety purposes. An Omegadyne 90 kN (20000 lb) axial S-type load cell is
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used in compression on a 3:1 force reduction linkage between the cylinder piston end mount
and the bench frame to sense axial force on the plunger. Plunger position is measured using a
UniMeasure HX-PA-60 string potentiometer mounted on the cylinder housing and strung to the
plunger end. Cylinder rod end pressure is measured at the cylinder inlet using an Omega
PX309-5KG5V analog pressure transducer. Sensors are interfaced with a computer using a
Measurement Computing USB-1408FS Data Acquisition Module, which is controlled through a
Visual Basic Macro Embedded Microsoft Excel Worksheet. The system controls the press and
logs data at a rate of 10 Hz, and exports comma delimited text files of the raw data after each
briquette is processed.
Depending on the experiment, a specified amount of material was added to the compression
chamber at room temperature (approx 25O C). The material was then compressed at a constant
velocity of 25 mm/s (1.0 in/s) to a specified distance, and immediately retracted at a constant
velocity of 30 mm/s (1.2 in/s) to its original position. This process was repeated until the desired
material pressure at the plunger was reached.

Briquetting Experiments:
#1 Variable Compression Pressure
The first experiment examined the effects of a variable compression pressure on output bulk
density and specific energy requirements. This experiment consisted of 2 different replicates
(briquettes) at material compression pressures of 3.5, 5.2, 7.0, 8.8 and 10.5 MPa (510, 760,
1020, 1270, and 1530 lb/in2). All other parameters were held constant, and their values can be
seen in table 1.
Table 1. Constant Parameters for Variable Compression Experiment.
Parameter

Value

Compression Velocity

25 mm/s (1.0 in/s)

Return Velocity

30 mm/s (1.2 in/s)

Plunging Depth (forward from
piston position in figure 3)

305 mm (12.0 in)

Material Added/Plunge

0.22 kg (0.50 lb)

#2 Energy Requirements
The second experiment examined briquetting energy requirements at a constant maximum
compression pressure of 10.5 MPa (1530 psi). This experiment consisted of 2 different
replicates of briquette production, where each briquette was produced, ejected, measured and
added to a plastic tub. This process was repeated until the tub was full, and then the tub bulk
density was measured using an adapted version of ASTM E873-82. ASTM E873-82 outlines a
procedure for measuring the bulk density of biomass with a particle volume smaller than 16.39
cm3 (1 in3), whereas the briquettes produced in this study have a volume of 3350 cm3 (204 in3).
The standard specifies a 0.028 m3 (1 ft3) square container be used for the test, which would be
too small to accurately measure the bulk density of these particles, so a 0.06 m3 (2 ft3)
rectangular container was used instead. A list of the constant experiment parameters is shown
in table 2.
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Table 2. Constant Parameters for Variable Compression Experiment.
Parameter

Value

Compression Velocity

25 mm/s (1.0 in/s)

Return Velocity

30 mm/s (1.2 in/s)

Plunging Depth (forward from
piston position in figure 3)

305 mm (12.0 in)

Material Added/Plunge

0.22 kg (0.50 lb)

Compression Pressure

10.5 MPa (1530 psi)

Briquette Properties
Physical briquette properties including mass and volume were measured immediately following
ejection from the tapered die. Every briquette was weighed, and dimensional measurements
were taken to calculate particle density.
Data Calculations:
Briquette particle density was calculated using a volume calculation for a circular cone and the
measured weight. The top and bottom diameters of the cone were assumed to be the equal to
the chamber top and bottom diameters (127 mm (5.0 in) bottom diameter, 102 (4.0 in) top
diameter), as negligible radial expansion has been observed during briquette ejection. Due to
significant amounts of axial expansion during ejection, individual briquette height measurements
were taken using a tape measure. Equation 1 shows the calculation used for particle density.

PD =

BM
(π / 4) * (TD 2 + BD 2 )
BH *
2

(1)

where
PD = particle bulk density (kg/m3)
BM = briquette mass (kg)
BH = briquette height (m)
TD = top diameter (m)
BD = bottom diameter (m)
Specific energy was calculated using data from the load cell and string potentiometer. Every
data point collected has an piston axial force and position term associated with it, which can be
used to calculate energy consumed over every data point and summed to form a complete
piston stroke energy, which can be summed to determine a complete briquette energy input.
Equation 2 was then used to determine the specific energy for an individual briquette:
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⎡m
⎤
∑
⎢∑ ( PF * (CPP − PPP)⎥
j
i
⎦
SE = =1 ⎣ =1
BM
n

(2)

where
SE = Specific Energy (MJ/Mg)
BM = Briquette Mass (kg)
PF = Piston Force (kN)
CPP = Current Plunger Position (m)
PPP = Previous Plunger Position (m)
m = Total Data Points/Stroke (#)
n = Total Piston Strokes/Briquette (#)

Results
During field experiments, the measured bulk density of wet corn stover in a 31 m3 (1100 ft3)
capacity cart was 60 +/- 14 kg/m3 (3.8 +/- 0.9 lbs/ft3). Figure 4 shows an example of the stover
used in this experiment.

Figure 4. Example of stover used in all experiments for this writing.
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Qualitative Briquette Characteristics:
Briquettes range in weight from 1.1 to 2.0 kg (2.5-4.4 lb), and have a particle volume of 0.0025
to 0.0042 m3 (0.09-0.15 ft3). They follow a conical shape (figure 5) much like that of the die,
however, overall lengths are greater than the 203 mm (8 in) length of the die, due to axial
expansion that occurs almost immediately after the briquette is removed from the die. Output
particle density ranges from 240 to 640 kg/m3 (15-40 lb/ft3), however, when tested in 0.06 m3 (2
ft3) rectangular containers (figure 6), the loaded bulk density was 212 +/- 18 kg/m3 (13.2 +/- 1.2
lb/ft3) (table 3). Large amounts of void space are created between particles, which create
storage inefficiencies when bulk loading the briquettes.

Figure 5. Generic briquette images.

Figure 6. 0.06 m3 (2 ft3) tub loaded with 8 briquettes.
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Table 3. Bulk Density Data Summary.
Tub Number

Stover Mass in Tub

Bulk Density

#

kg, (lb)

kg/m3, (lb/ft3)

1

13.0, (28.7)

206, (12.9)

2

13.5, (29.7)

214, (13.4)

3

14.6, (32.1)

233, (14.6)

4

13.6, (30.0)

216, (13.5)

5

12.8, (28.3)

203, (12.7)

6

13.0, (28.7)

206, (12.9)

7

12.8, (28.3)

203, (12.7)

8

13.5, (29.9)

215, (13.4)

9

13.7, (30.2)

218, (13.6)

10

12.8, (28.3)

203, (12.7)

Average:

13.3, (29.4)

212, (13.2)

Standard Deviation:

0.5, (1.2)

9, (0.6)

Over time and after handling operations (like dropping or moving), the briquettes tend to fraction
into small multiples of flakes (more tightly packed pieces of stover created from an individual
plunging cycle). Flake thickness can vary from 13 to 52 mm (0.5-2 in.), depending on material
feed rate. The durability of a complete briquette is quite low, it tends to fraction into pieces about
1-5 flakes thick after a fall. The flakes, however, seem to be quite durable, and an individual
flake can handle multiple drops with little damage/density loss. This was confirmed by a short
experiment where a 0.06 m3 (2 ft3) sample tub of briquettes was dumped from a 1.8 m (6 ft)
height multiple times to examine the briquette durability. Figure 7 shows the sample after 8
subsequent drops from that height. Particle sizes after handling can range from loose stover to
portions of briquettes up to 100 mm (4 in.) thick, as shown on the left side photo of figure 7.

Figure 7. 0.06 m3 (2 ft3) tub loaded with 8 briquettes after dumping trials.
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Variable Compression Pressure:
This testing revealed a direct relationship between both bulk density and specific energy with
respect to compression pressure (figure 8). Across the range of compression pressures used,
output particle bulk density ranged from 270 to 510 kg/m3 (17-32 lb/ft3), while specific energy
ranged from 12 to 24 MJ/Mg (5-10 BTU/lb).

35.0

35.0

30.0

30.0

25.0

25.0

20.0

20.0

15.0

15.0

10.0

10.0

Specific Energy Requirement (Mj/Mg)

Briquette Particle Bulk Density (kg/m^3)

Particle durability was not formally tested and quantified during this experiment, however, a
direct relationship between compression pressure and product durability could immediately be
observed as each particle was removed from the die. Complete briquettes were less durable as
compression pressure decreased, and briquettes produced at compression pressures below 7
MPa (1000 psi) showed low flake durability as well. Figure 9 shows the product of a 3.5 MPa
(500 psi) briquetting cycle, which shows low briquette and flake durability. An example of a
briquette produced at 10.6 MPa (1500 psi) is shown in Figure 10, which is noticeably stiffer and
shows very good flake durability.

5.0

5.0

Bulk Density vs.
Compression Pressure
0.0

0.0
0.0

2.0

4.0

6.0

8.0

Compression Pressure (MPa)

10.0

12.0

Specific Energy vs.
Compression Pressure

Figure 8. Briquette particle density and specific energy requirement vs. compression pressure
plot. Data was taken during variable compression pressure testing.
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Figure 9. Briquette produced at 3.5 MPa (500 psi) compression pressure.

Figure 10. Briquette produced at 10.6 MPa (1500 psi) compression pressure.
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Energy Requirements:
During this experiment, 16 briquettes were produced to fill the two tubs, but due to adjustments
made to the control and data acquisition software during the initial portion of this test, only 13
provided useable data. Of those 13 briquettes, the particle bulk density averaged 496 +/- 118
kg/m3 (31 +/- 8 lb/ft3) at a specific energy requirement of 26.7 +/- 10.2 MJ/Mg (11.5 +/- 4.4
BTU/lb). The complete data from each briquette can be seen in table 4.
Stover mass flow data taken from the fall 2009 corn harvest at Iowa State University indicated
maximum continuous stover mass flows from a class 8 combine harvester ranging from 2.7 to
4.5 kg/sec (6-10 lb/sec) during continuous operation, depending on field and crop conditions,
and the harvest setup used. Scaling up the specific energy requirements shown in table 3 to
these stover mass flows produces a power requirement range for a large scale machine of 72 to
120 kW (97-162 Hp).
Table 4. Energy Requirement Data Summary.
Max
Mechanical
Briquette Max Material
Mechanical
Energy
Number
Pressure
Power
Consumed

Briquette
Specific Energy Bulk Density
Weight

#

Mpa, (psi)

kW, (Hp)

kJ, (BTU)

kg, (lb)

MJ/Mg, (BTU/lb) kg/m3, (lb/ft3)

1

11.6, (1685)

1.7, (2.2)

27, (29)

1.6, (3.6)

18.8, (8.1)

488, (30)

2

11.8, (1714)

1.7, (2.3)

43, (46)

1.5, (3.4)

31.6, (13.6)

480, (30)

3

11.8, (1712)

1.6, (2.1)

37, (40)

1.5, (3.3)

28.3, (12.2)

486, (30)

4

11.6, (1682)

2.1, (2.8)

41, (43)

1.4, (3.1)

32.3, (13.9)

426, (27)

5

11.5, (1664)

1.9, (2.5)

44, (47)

1.4, (3.1)

35.0, (15.0)

463, (29)

6

10.6, (1540)

2.0, (2.7)

35, (37)

1.2, (2.8)

31.1, (13.4)

440, (27)

7

10.6, (1535)

1.4, (1.9)

32, (34)

1.3, (2.9)

27.0, (11.6)

475, (30)

8

10.5, (1521)

1.4, (1.9)

28, (29)

1.3, (2.9)

23.4, (10.0)

464, (29)

9

10.6, (1533)

1.5, (2.1)

30, (31)

1.5, (3.3)

22.1, (9.5)

483, (30)

10

10.5, (1530)

1.8, (2.4)

32, (34)

1.4, (3.1)

25.6, (11.0)

477, (30)

11

10.6, (1540)

1.8, (2.5)

40, (42)

1.6, (3.6)

27.7, (11.9)

610, (38)

12

10.6, (1531)

2.2, (3)

32, (34)

1.4, (3.1)

25.5, (11.0)

533, (33)

13

10.6, (1545)

2, (2.7)

31, (33)

1.9, (4.2)

18.3, (7.9)

620, (39)

Average:

11, (1595)

1.8, (2.4)

35, (37)

1.5, (3.2)

26.7, (11.5)

496, (31)

Standard
Deviation:

0.6, (81)

0.3, (0.3)

6, (6)

0.2, (0.4)

5.1, (2.2)

59, (4)
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Harvest Logistics Impact:
Increasing the stover bulk density to 210 kg/m3 (13 lb/ft3) (referring to the density found when
loading a tub full of briquettes) can significantly reduce logistical transportation requirements
during the harvest and transportation phases of corn stover production. Comparing a scaled-up
densified stover system to current loose stover and loose cob harvesting system shows that a
densified system can harvest stover mass yields much higher than loose cob collection
systems, but at a similar harvest volume (figure 11). Common cob harvest systems only yield a
maximum of 1.1 Mg/Ha (0.5 Tn/Ac) of biomass at a bulk density of 100 kg/m3 (6 lb/ft3), while
common complete stover systems can easily yield between 2.2 and 4.5 Mg/Ha (1-2 Tn/Ac).
Harvesting these higher yields loose can currently require large amounts of truck and stover cart
loads, creating logistical complications. Increasing the bulk density of stover to 210 kg/m3 (13
lb/ft3) from a loose harvest density can reduce the number of truck and stover cart loads on a
given area by 70%. Figure 12 demonstrates this trend by showing the amount of truck and
stover cart loads required to harvest a 100 Ha (40 ac) corn field in various harvest scenarios.
This reduction will allow producers to harvest stover with less over-the-road trucks and in-field
stover carts without reducing productivity, which will help to reduce the production cost of
stover.
80.0

Harvest Volume (m3/Ha)

70.0
60.0
50.0
40.0
30.0
20.0
10.0
0.0
Loose Stover, Loose Stover, Loose Cobs, Dense Stover, Dense Stover,
2.2 Mg/Ha
4.5 Mg/Ha
1.1 Mg/Ha
2.2 Mg/Ha
4.5 Mg/Ha

Figure 11. Biomass volume comparison of current harvest systems to densified harvest
systems.
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Loads/100 Ha Harvested

250
200
150
100

Trucks/Day

50

Stover
Carts/Day

0
Loose
Loose Loose Cobs, Dense
Dense
Stover, 2.2 Stover, 4.5 1.1 Mg/Ha Stover, 2.2 Stover, 4.5
Mg/Ha
Mg/Ha
Mg/Ha
Mg/Ha

Figure 12. Comparison of over-the-road truck and stover cart load requirements to harvest a
100 Ha (40 ac) corn field in various harvesting scenarios.

Conclusion:
The objective of this research to study the densification characteristics and impact of a complete
corn stover fraction has thus far been successful. The uni-axial piston cylinder that presses
material into a circular, tapered die concept was shown to successfully densify corn stover,
depending on compression pressure, to particle density levels of 240 to 640 kg/m3 (15-40 lb/ft3),
at specific energies of 12 to 24 MJ/Mg (5-10 BTU/lb). These densities occur at very poor levels
of complete briquette durability, but at a good flake durability, which allows the output product
after handling to maintain a significant amount of its gained bulk density. Densification at this
level has potential to improve harvest and transportation logistics by reducing the amount of
stover cart and truck loads required by up to 70% when compared with current loose stover
harvesting systems.
This paper sums up the data collected during the preliminary trials of this briquetting bench.
Further research is set to study many other scenarios and variables, including the effects of
compression pressure, compaction speed, stover particle size, and stover moisture content on
the output bulk density, briquette durability, and specific energy requirements.
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