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ABSTRACT  Corn stover is one of the most abundant agricultural residue, typically 
yielding 8 to 10 t of dry matter (DM)/ha.  Leaving stover on the ground is beneficial for 
erosion control and soil organic matter renewal.  However, several studies suggest that 
50% of stover could be removed sustainably under appropriate conditions (negligible 
slope, no-till system, adequate rotation).  Two major factors limit corn stover removal: 
cost of harvest and transport, and final end use.   This paper addresses the first factor by 
considering several harvest options, mainly related to spring harvest. The objective is to 
develop a corn stover harvest, transport and storage simulation model by a systems 
approach.  The model takes into account field machinery, field area, yield, distance and 
timeliness of operations. The weather data are used to take into account delay in stover 
collection. Empirical data collected during in-field operations, transport and handling are 
used as input for the dynamic simulation model. Other input data include DM loss and 
stover moisture content. The model is implemented using Extendsim®.  The main 
operations modeled are: corn stover mowing, corn stover windrowing, baling, loading 
trailers in the field, transport of bales, and unloading bales at the point of use.  The model 
considers sharing available equipment and tractors among different operations modeled 
to carry out the whole corn stover harvest. The model can operate with either a low level 
or a high level of input data.  The low level data allow deterministic modeling, with 
average work times. The high level data allow stochastic modeling, with statistical 
distribution of work times.  For example at windrowing, low level of input includes 
tractor, windrower width, capacity and labour.  High level of input requires in addition 
the windrower speed, the turning time, the type of turning, and the field pattern.  Output 
from the model includes resources required and total operation cost.  The model will be 
useful in identifying total system cost, the biomass retrieved, the bottlenecks and 
potential improvements. 

. 
Keywords: corn stover harvest, discrete event simulation, biomass feedstock.  

INTRODUCTION. There is increased emphasis on renewable energy and 
environmental sustainability by the conversion of biomass to transportation fuel, 
electricity, and industrial products. It is estimated that in 2020 over 500 million tons of 
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bio-based feedstock will be required annually to meet the energy needs of the U.S. 
without increases in imported energy (Hettenaus & Wooley, 2000). Alternative 
feedstocks such as corn stover for ethanol could help meet the increased demand for 
renewable resources. Because of its abundance and proximity to existing grain-to-ethanol 
conversion facilities, corn stover has been suggested as an ideal strategic feedstock to 
increase ethanol production using cellulosic conversion processes (Shinners et al., 2003). 
It has been estimated that corn stover could have a value of $35 to $60 per dry ton 
depending on the intended market for the material (Hettenhaus and Wooley, 2000). There 
are also other uses of corn stover, related to the dry material. It can be used as a source of 
thermal energy, for heating, and for animal bedding. The collection of dry material from 
the field allows for safe storage without fermentation or spoilage losses. In this case the 
price of the biomass could be up to $100/t DM. In order to collect the dry material, the 
produce has to be laid down in the field for some time until it dries naturally.  In the fall 
where cold and humid conditions prevail, it is almost impossible to harvest dry stover.  
However, one approach which has been successful is to harvest the stover in spring after  
winter dehydration (Lizotte and Savoie, 2010).  A very dry stover can be harvested in the 
spring but operations have to be carried out in a timely fashion before the new crop 
cultivation takes place. 

Some of the operations related to corn stover harvest could be carried out in the fall, like 
cutting and windrowing the stalks. Cutting and windrowing could be carried out with a 
separate machine, or with the use of a mower-windrower (e.g. Hiniker type). The baling 
and transport operations should be carried out in the spring. The timeliness of the 
operations is crucial to allow the planting of the following crop. Both round balers and 
large-square balers are suitable for the operation.  

The objective of the study was to compare different compositions of working chains to 
see the impact in terms of the amount of biomass harvested, the cost of the operations and 
their timeliness. 

MODEL SPECIFICATIONS. In the simulation model two processes are considered: 
one is continuous, related to the crop senescence in the field, with moisture content (MC) 
change  and DM loss, the other one is discrete event modeling, related to the operations 
carried out in each field. The continuous part of the model is computed on a day by day 
step, while the second part is computed in hours or minutes, and occurs just during the 
active shift for the machines (usually 12 hours of work per day for all the operations). 

Two conditions must be met to start field operations: (1) the crop status allows the 
operation (e.g. raking after mowing, baling after raking, etc.), (2) the weather conditions 
allow the use of the equipment (previous rainfall is considered up to  three days before 
the operation; snow presence on the ground and minimum temperatures are also 
assessed). For baling without wrapping, the MC limit to carry the operation was 20%. 
Above this MC no baling was allowed in this model configuration  because all stover was 
harvested in the spring as a dry product. If rainfall occurred less than three days before 
the planned day of collection, the stover was raked another time before baling. 

For the simulation test, the weather data came from La Prairie station located in Quebec 
Province (45.57 N, 72.92 W) where the authors collected data on DM losses and MC 
losses. 
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To predict the yield of corn stover (fibre), a linear function was used:  

tcyy of +=  (1) 

where yf is the yield of corn stover (t DM/ha); 

yo (t DM/ha) is the initial stover yield on September 1st; 

c (days-1) is a loss factor of stover, associated with plant maturation and senescence (c is 
negative, reflecting the loss of leaves and the top of the stalk while the grain is maturing 
on the ear). 

To predict moisture content of stover, the following linear function was used : 

tdmm off +=   (2) 

where mf is the moisture content of stover or corn fibre (% moisture on a wet basis); 

mof (%, wet basis) is the initial moisture content of fibre on September 1st;  

d (days-1) is a drydown factor associated with stover desiccation during maturation in 
September, October and November (generally a negative value).  At the present time, a 
simplified daily evaluation of MC, based on field trials, allows the simulation of MC 
change on a daily basis.  

The equation of MC loss applies only to the standing corn stover during the fall season: 
from September 1 to November 20. The above equations are in the model to predict the 
amount of  corn stover ant its moisture at the time of corn grain harvest. The model does 
not predict the MC fluctuations of stover on the ground after grain harvest.  However, it 
assumes 10% MC or lower in the spring when there have been three consecutive days 
without rain.  In the model, if rainfall occurs, another raking operation is carried out 
before the baling operation. 

For spring harvest, the following equation (Sokhansanj, 2006) was used to predict DM 
losses. The dry matter loss approaches a maximum value asymptotically as shown in 
equation below:   

)1( 210/
max

t
t eDMLDML −−=                                                   (3) 

where DMLt is time-dependent dry matter loss. t is time after the start of the harvest or 
storage (days). The field data showed a DM loss of 21% when the corn stover lay down 
in the field for 210 days. From an average stover yield of 8.68 t DM/ha in the previous 
fall, the remaining yield after winter 210 days was 6.85 tDM/ha, with a DM loss of 1.82 
t DM/ha, that is the value of  DMLmax used in the model (Lizotte and Savoie, 2010).   

For spring harvest, the wrapping operation was not simulated because the stover is very 
dry.  For the baling, the following options were examined: baling in round bales or large 
square bales. 
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The bale weight taken from experimental data was on average about 172 kg DM per 
round bale and 202 kg DM for the large square bale (Lizotte and Savoie, 2010). This 
parameter allows to compute the number of bales per field which has an influence on the 
loading and transport operations. Trailers could fit the same number of round bales or 
large-square bales per load (we assume 22 bales per load). Due to higher weight, the large 
bales allowed for better use of transport capacity. 

The model take into account detailed field location to estimate distance from the 
collection point during the transport.  It simulates in detail the loading of the bales and the 
transport operation, considering the removal of each single bale from the field. After the 
loading, if the trailer is not full, it goes to the next field to complete the load. The 
remaining bales in the field will be loaded with the next trip of the trailer. This logic is 
complex but allows to study in detail the transport operation.  

The model also considers work shift (i.e. the available hours per day) as a boundary on 
resource use. The shift considered was 12 hours per day. 

Scenarios compared in the simulation study. The simulation of corn stover collection 
was related to an area of 1000 ha. The number of simulated fields  was 250 of 4 ha each. 
The average distance of these fields from the farm was 2.11 km, ranging from 0.25 to 4 
km.  In all cases the collection of the corn stover occurred during the spring, with a dry 
material. Since the collection has to be done in the spring, the operations that can be a 
limiting factor are the baling and transport. Twelve scenarios were compared, using the 
equipment presented in Table 1. The scenarios apply to the same location where the 
weather data were available.  

Each scenario evaluated a different number of machines and their effect on the timeliness 
of the operation carried out. The first part of Table 3 describes the equipment available in 
each scenario. The first six scenarios use the traditional moving and raking equipment. 
The next six scenarios use a mower-windrower machine (Hiniker type)  which mows and 
rakes in a single  operation. In this case, only two operations are performed to make the 
bales. 

The scenarios differs also for the type of balers (large round and large squared) and for 
the number of trailers (one, two or three). In table 2 are presented the potential investment 
in equipment that characterizes each scenario. Just the cost of the equipment is presented 
in the table. 

Each equipment used for mowing, raking and baling involves different operation losses. 
These were computed using values of table 3. Losses were computed as a proportion of 
the amount of biomass in the field at the time of the operation. As an example, the losses 
of baling are computed on a lower yield than losses of mowing, that is the yield 
remaining after mowing, raking, and laying down for the winter period in the field. 
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Table 1. Specifications of equipment parameters used in the simulated experiments. Data 
collected during field trials   

Machine-power 
requirements (kW) 

Equipment Working 
Width 

(m) 

Working 
Speed 
(km/h) 

Efficiency Working 
capacity 
(ha/h) 

Hourly 
cost 

($/h)(*) 
A - 45 Disc mower -  2.4 8 83% 1.99 59.92 
B - 40 Rake 2.9 8 83% 1.99 40.85 
D - 60  Round baler 11.6 4.4 65% 1.72 72.53 
E-100 Large square baler 11.6 6.2 80% 2.98 91.02 
C - 60 Mower- 

windrower 
4.5 8 83% 2.99 

116.19 
D - 60  Round baler (1) 9 4.4 65% 1.72 91.02 
E-100 Large square 

baler(1) 
9 6.2 80% 2.98 

116.19 
F- 60 Trailer for bale 

transport 
   22 bales 

per load 72.54 
(*) Including manpower cost at $15/h, interest rate 5%.  

(1) The working width is related to the swaths made by the mower-windrower equipment  

Table 2. Investment cost (Canadian $) for the different scenarios simulated 
 Equipment used Investment cost 
Scenario A B C D E F A B C D E F Total 

investment
1 1 1  1  1 22000 12000 -- 33000 -- 30000 97000
2 1 1  1  1 22000 12000 -- 33000 -- 60000 127000
3 1 1  1  3 22000 12000 -- 66000 -- 90000 157000
4 1 1   1 1 22000 12000 -- -- 102500 30000 166500
5 1 1   1 2 22000 12000 -- -- 102500 60000 196500
6 1 1   2 3 22000 12000 -- -- 102500 90000 226500
7   1 1  1 -- -- 28000 33000 -- 30000 91000
8   1 1  2 -- -- 28000 33000 -- 60000 121000
9   1 1  3 -- -- 28000 33000 -- 90000 151000

10   1  1 1 22000 12000 -- -- 102500 30000 160500
11   1  1 2 -- -- 28000 -- 102500 60000 190500
12   1  1 3 -- -- 28000 -- 102500 90000 220500

 

Table 3. Field operation and weathering loss values used into the model.  

Equipment DM loss 
Mower 14.0% 
Rake (first operation) 7.1% 
Rake (subsequent operations) 
Baler (round) 

3.5% 
17.5% 

Baler (large square) 17.5% 
Mower-windrower 20.0% 
Other loss due to weathering in winter 21.0% 
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The cost of the equipment were computed following the ASAE Standards EP496.3 and 
D497.5, considering an interest rate of 5% and the manpower cost at $15/hour. 

Value of the corn stover. In eastern Canada, corn stover is expected to have a higher 
value if it is collected dry rather than wet, for combustion energy or animal bedding.  So 
it might be profitable to extend the field drying even if this causes some extra field loss.  
The  basic value of stover was assumed to be $100/t DM at 10% moisture or less and a 
value of $50/t DM at 60% moisture or more.  Intermediate values of the stover were 
obtained from the following equation: 

 Vf = 100 – (mf-10)  (4)   

where mf is the MC of the stover on a wet basis. 

This equation is valid in the range of 10 to 60% for mf. For the harvest of the stover in the 
spring, the MC used was 10%, since often during the field trials the authors found MC 
even below to that value (Lizotte and Savoie, 2010). 

RESULTS. Table 4 shows the performance of 12 different corn stover harvest systems. 
The first 6 scenarios use the mower and rake equipment, while scenario from 7 to 12 use 
the mower-windrower machine. Also the use of large round balers and large square balers 
was investigated.  The corn harvest started on Sep, 15, and the moving operation started 
30 days later. In all cases, the model started the baling operation in the spring, after the 
snow was melted and the weather conditions allowed for the operation. The starting date 
was April, 9 for baling and transport operations in the year 2009.   

The starting date could also vary depending on snow cover and the rate of snow melt in 
the spring. It is possible  to run the simulation with other climatic data to see the year-to-
year variation on the ending date for the operations.  Similarly, the ending date could vary 
depending on rainfall occurrence in the spring time.   

In the case of round balers, the use of two trailers allowed the completion of the stover 
removal by May, 31. The use of one more trailer allowed for a further reduction of 15 
days. The number of trailers is a function of the distance.  In this case, the fields were 
close  to the farm (average distance 2.11 km) and thus there was not a great requirement 
of trailers. A week was saved using one large square baler and two trailers, with the work 
completed by May, 24.  

With the use of mower-windrower machine, the use of two trailers allowed the 
completion of the stover removal by May, 28 because of a slightly less yield. A week was 
saved using one large square baler and two trailers, with the work completed by May, 21. 
With traditional operations, the minimum cost occurs with the use of the large-square 
baler. The operation cost change slightly from one option to the other when the number 
of trailer change, while the day of completion of the operation change a lot (table 4).  

During the spring harvest, the operation should be done timely to allow the seeding of 
another crop. The choice of the right equipment is dependent from the date the field 
should be ready for another crop. Long term assessment will be useful to plan the 
operations of tillage and seeding which would follow the operations of stover harvest in 
the spring time. 
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Table 4. Performance of the corn stover collection from the fields 

 Equipment used Main results 

Scenario A B C D E F End of harvest Stover 
retrieved
(tDM/ha) 

Operation 
cost ($/ha) 

Stover 
value 
($/ha) 

 
Balance 
($/ha) 

1 1 1  1  1 7/19/2009 4.88 176.4 488.0 311.6 
2 1 1  1  2 5/31/2009 4.88 176.3 488.0 311.7 
3 1 1  1  3 5/16/2009 4.88 176.5 488.0 311.5 
4 1 1   1 1 7/5/2009 4.89 157.1 489.0 331.9 
5 1 1   1 2 5/24/2009 4.9 157.1 490.0 332.9 
6 1 1   1 3 5/11/2009 4.9 156.9 490.0 333.1 
7   1 1  1 7/14/2009 4.64 145.7 464.0 318.3 
8   1 1  2 5/28/2009 4.64 145.8 464.0 318.2 
9   1 1  3 5/15/2009 4.64 145.7 464.0 318.3 

10   1  1 1 6/30/2009 4.65 124.3 465.0 340.7 
11   1  1 2 5/21/2009 4.66 123.5 466.0 342.5 
12   1  1 3 5/8/2009 4.67 123.5 467.0 343.5 

A=number of mowers, B=number of rakes, C=number of mower-windrowers, D=number 
of round balers, E= number of large square balers, F= number of trailers, End of 
harvest=day when the last field was clean, stover retrieved=amount of stover collected, 
operation cost= total cost of the operation, stover value=stover value calculated with (3). 

The use of the mower-windrower machine allows for reduction of about $30/ha and more 
compared to the same scenario with traditional operations. In addition, the use of large 
square balers vs. large round balers allows for a reduction of $20/ha, due to the high 
capacity of the equipment and for better use of trailer space.  The  minimum cost was 
associated with mower-windrower followed by the large square baler, with three trailers 
for transport,  for a total operation cost of  $123.5/ha, equal to $26.5/t DM.  The time to 
complete the operation was the shortest,  May, 8.  

The average cost for biomass retrieval from the field range from $26.5/t to $32/t DM for 
mower-windrower vs. traditional baling and raking operation with the use of square 
balers. This is slightly  higher than $21.1/t provided by another simulation study carried 
out in 2006 (Sokhansanj et al., 2006). This is due to less transport distances used in that 
study vs. this one (0.1-1.6 km vs. 0.5 to 4 km), the updated costs for the equipment 
purchase and the detailed transport analysis that also consider partial loads in the field, 
which increase the transport costs.   

The costs did not change very much when one more trailer was added to the harvest 
system, however it change a lot the completion date for the transport operation. This is 
due to the fact that the number of hours to complete the operations is the same, and the 
hourly cost of operation computed with ASAE standards consider the same number of 
hours for the equipment, while investment cost (Table 2) and  manpower needed increase.  

Even at short distance, like the one depicted in the scenarios, the transport capacity is 
crucial to assure the completion of the operation in time for the planting of the next crop.   

The simulation also provides other results such as the number of fields completed by a 
given date. Figure 1 shows that with a single round baler and two transport units, by May 
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9, slightly more than half the area had been harvested (137 fields  over 548 ha); the other 
part still remained to be done. This type of output gives some insight in the way the 
model operates and the type of results, both summarized and specific, which can be 
expected from the model. Particularly, this figure allows the user to understand when a 
certain area will be cleaned by the bales so the seeding operations could start.   

 

Figure 1.   Completed operations vs. time  of completion for the 250 fields, using the 
equipment of scenario 2. Day 1 is September 15, day 180 is March 14 and so on.  All the 
field were cleaned by May, 31. 

CONCLUSION. Spring corn stover harvesting provides a dry and easy to store material.  
However, it requires the use of several machines prior to crop seeding.   The weather 
conditions have a very important influence on the field accessibility. In the current 
simulation, stover harvest operations started  in the middle of april, and required one to 
two months to complete an area of 1000 ha depending on machinery set from 12 different 
scenarios studied. 

The model provided a good insight for planning the right equipment to run the stover 
collection. The costs ranged from a minimum of $26/t DM with the use of a mower-
windrower and a large square baler, up to $36/t DM with traditional set of equipment 
(mower, followed by rake and  one large round baler). This cost considers field collection 
and transport to the farm, but not the cost associated with transport to  a processing plant. 

Transport to the farm accounts for about the half of the operation cost and more, ranging 
from $15.6/t DM to $18.4/t DM for respectively for large square bales – scenario 12 vs. 
round bales – scenario 1. With this regard is very important to develop a detailed farm 
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simulation study, with field location and distances from the farm, to verify the cost of 
corn stover retrieval on a farm basis. 

The simulation model can be run several years of weather data to see the year-to-year 
variation on the ending date of the operations.  

Future model implementation will require more detail on the process of MC change on a 
daily and hourly basis.  This is especially important prior to raking and baling operations 
which are sensitive to precise MC levels.   

The next model implementation will consider the manpower and tractor sharing within 
the different operations.  The model will consider constraints such as  limiting the number 
of people and tractors available to carry out the operations. 
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