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Abstract

As today’s society searches for renewable energy sources that could be an al-
ternative to fossil fuels, biomass and biofuels provide a promising solution.
Switchgrass is one of feedstocks that can be utilized as a renewable energy
source. When farming, one of the most important considerations is efficien-
cy. This consists of several factors, including time, fuel use, economic and
power efficiencies of equipment. Inefficient field operations could increase
harvesting costs and in turn could cause hesitation when a farmer decides to
participate in biomass production. This literature review will cover the main
elements of biomass and biomass handling relating to determining harvesting
efficiency and biomass quality for switchgrass round bales. Specifically, the
following sections include past research activities relating to biomass harvest-
ing, biomass bale quality during outdoor storage, logistics models, and data
collection methods during biomass harvesting. The objective of this review is
to examine status and needs for switchgrass round bale harvesting operations
and the expenses that come with it.

Keywords

Biomass, Baling, Energy Crop, Logistics

1. Introduction

While today’s society searches for renewable energy as an alternative to fossil fu-
els, biofuels offer a promising alternative. Biofuels developed from non-food
biomass or a dedicated energy crop, are potential alternatives or compliments to
the current utilization of biodiesel and corn ethanol usually seen in the renewa-
ble energy field. A dedicated energy crop’s sole purpose is to be converted into
various forms of energy. This lessens the burden of determining if a crop, such

as corn or soybeans, should be used for feed or energy. Promoting the applica-
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tion of biofuels can help reduce greenhouse gas (GHG) emissions, develop fuel
security for transportation and improve a local economy [1]. The production of
warm-season grasses provides the opportunity to utilize marginal lands, where
may not be suitable to produce high yield food or forage crops but can produce a
high yield for dedicated energy crops. As the world population continues to grow,
there will be less land to grow crops for food and energy. This opportunity to
utilize marginal lands may reduce the amount of land that will be developed
from agricultural to residential or commercial land in the future.

Switchgrass is a dedicated energy crop and a warm-season perennial grass that
can be grown in marginal lands. It can grow 1 - 3 m tall contingent upon its en-
vironment and genetic traits and has the potential to develop an extensive root
system that can reach a depth of 3 m [2]. In addition to being planted in margin-
al lands, switchgrass may be planted and harvested annually with minimal
upkeep. This makes it inexpensive and an ideal crop for energy production. A
farmer may plant switchgrass on formerly unusable or marginal land for extra
income [3]. According to studies by Hancock [4], Wolf and Fiske [5] as cited by
Mitchell [6], found that the benefit of growing switchgrass as biomass is that
many farms in the United States have an extensive past of harvesting and storing
hay for farm animals. Therefore, the transition to biomass harvesting can be rel-
atively simple. Due to widespread research and farming practices performed on
switchgrass, guidelines that outline the most beneficial management practices
have been developed for regions within the United States. These guidelines are
available online in state university extension and USDA webpages [7] [8] [9]
[10].

After harvesting, switchgrass may be used in combustion processes to gener-
ate steam, heat, or electricity [2]. Focusing on switchgrass electricity, the most
important parameter besides switchgrass energy yield is electricity generating ef-
ficiency for bioelectricity. Since there is a wide range of crop yields, there are
three scenarios that vary by crop yield, low, medium, and high yield. It was ob-
served that generation efficiency is 30% for all crop yield types, but energy yield
(as electricity) ranges from 43 - 86 GJ/ha from low to high energy yield respec-
tively [11].

Forage harvesting methods such as baling, and chopping are currently used to
harvest switchgrass. Large rectangle and round balers are the primary types of
equipment used in switchgrass harvesting [12]. Chopping can be utilized in re-
gions where the weather may require the need for wet storage methods or chop-
ping. Since switchgrass is harvested through traditional forage methods, it is
likely if a farmer already has equipment for a certain type of harvesting method,
they will utilize that method.

When farming, one of the most important considerations is field efficiency.
This consists of several factors, including time, fuel use, economic and power ef-
ficiencies of equipment. Inefficient field operations would increase harvesting
costs that could cause hesitation when a farmer decides to participate in biomass

production. This literature review will discuss the main elements of biomass and
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biomass handling related to determining harvesting efficiency and biomass qual-
ity for switchgrass round bales. Specifically, the following sections include past
research activities relating to biomass harvesting, biomass bale quality during
outdoor storage, logistics models, and data collection methods during biomass
harvesting. The objective of this review is to examine status and needs for switch-
grass round bale harvesting operations and the expenses that come with it.

2. Switchgrass Harvesting Equipment

When a field crop is grown, it needs to be removed and transferred into a form
that is easy to store and transport. Harvesting is defined as the sequence of oper-
ations that are completed to remove a crop from the field and into storage. This
step accounts for more than half of the biomass procurement costs [13]. These
steps for harvesting biomass may include mowing and conditioning, baling, bale

collection, in-field transportation, and bale storage.

2.1. Mowing and Conditioning Switchgrass

The first step to removing switchgrass from the field is the mowing operation.
Mowing removes most of the above-ground segment of the plant. Two of the
most common mowers used are the sickle-bar mower and disc mower or dis-
cbines. Figure 1 shows a disc mower blade. A sickle-bar mower works with re-
ciprocating triangular mower blades that are in the middle of stationary blades.
Each movement back and forth will shear any plant stem that is in the middle of
these stationary blades [14]. Discbines have several small discs that are mounted
on top of a cutter bar and these discs rotate at high speeds. Similar to the
sickle-bar the cutter bar of the discbines travel parallel to the ground, this bar is
what controls the cutting height [14].

Farming practices have demonstrated that the most efficient way to harvest
switchgrass is with a self-propelled swather equipped with disc header. These
kinds of mowers will lay the cut switchgrass into windrows where it may dry in
the field. The mowing height of the switchgrass is around 10 to 15 cm above the
ground surface. Switchgrass is cut at this height because it allows the windrows
to be raised above the soil surface to assist with drying. The biomass in these
windrows needs to be dried to a moisture content less than 20% d.b. [12].

As mentioned previously, the moisture content of the switchgrass should
be less than 20% d.b. [12]. The importance of conditioning done during mow-
ing is to accelerate drying. When switchgrass is conditioned, the plant stem is
crushed without altering its structure. Conditioning systems fall into either
impeller/tine-type or roll-type conditioners [15]. Roll type conditioners consist
of two rolls that force the crop between them to break the stems. Flail Type con-
ditioners use metal flails to hit the crop after it is mowed to break the stems. As
the crop is fed through the flails it is also rubbed against the conditioning hood
which wears away at the stem’s surface allowing moisture to escape more easily
[15].
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Figure 1. Disc mower blade.

Switchgrass drying rate can be improved through a combination of intensive
conditioning and wide swath drying. This method of roll conditioning crushes
and scuffs the stems which disturbs the plants’ cutin layer and flattens the stem
nodes. This provides a better way for water vapor to leave the stem and dry fast-
er. Although, wide swath drying decreases field drying time, it requires an addi-
tional field operation to rake wide swaths into windrows that can be picked up
with commercially available balers [16].

Switchgrass is normally harvested and baled with commercially available fo-
rage equipment, but a few significant items should be considered. From previous
field harvesting studies, it was found that self-propelled swathers with a mower
and conditioner head are utilized because they are not only efficient, but they

can handle different volumes of switchgrass to be harvested [3] [6] [17].

2.2. Baling Switchgrass

Once the crop is mowed, conditioned, and windrowed, it is ready for the final
step in harvesting, baling and collection. Switchgrass can either be baled or
chopped. Large square and round balers are the primary types of balers used in
switchgrass harvesting [12]. Figure 2 shows a picture of a large square and
round baler. Small square bales are not produced since there is a lack of market
for them and biorefineries have trouble handling these bales [6]. A baler consists
of a pickup head to pick up the crop and is fed into a compression chamber. The
crop is then compressed and tied or net-wrapped to form a bale that can easily
be transported. After bales are made, they are collected and transported to a sto-
rage location or biorefinery. Harvesting methods that differ to baling may be
used in regions where the weather may require the need for wet storage me-
thods.

Round balers typically have lower capital costs than large square balers, but
their field capacity tends to be lower because the baler and tractor combination
needs to stop moving to wrap and release the bale. Some agricultural machinery
companies have released non-stop or continuous round balers that eliminate the
need to stop when ejecting a round bale. Additionally, these bales are wrapped

with plastic wrap to protect them from precipitation post-harvesting. Some farm
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Figure 2. Large Square Baler (left), Round Baler (right).

machinery manufacturers developed new equipment continuous round balers,
which could wrap and drop the round bale without stopping. Other companies
developed large square balers, which could bale constantly without interruption
and are estimated to have a lower cost per unit of harvested area [6]. One down-
side to utilization of balers is the inability to completely collect all biomass that

has been mowed, resulting in losses.

2.3. Chopping Switchgrass

Harvesting methods different from baling may be used in areas where climate
conditions and existing harvesting systems allow for substitute harvesting scena-
rios. Wet storage methods have been applied to areas where drying conditions
for baling operations are not feasible due to high relative humidity and increased
precipitation after harvest. Like baling, a swather harvester is used to mow the
switchgrass. After mowing, the switchgrass is chopped utilizing a self-propelled
forage harvester. Using a forage chopper to remove biomass crops from a field is
currently a fairly uncommon practice; however, sometimes it is still performed
in situations where compressed pellets are the end product. Crop can both be
chopped while still standing or it can be picked up and chopped after being
mowed.

This harvester has a rotary head that blows the material into an adjacent trai-
ler [6] [18] [19]. This harvesting system is a one-pass system, compared to bail-
ing which requires many steps or operations to get the switchgrass off the field
[18] [20] [21].

A disadvantage associated with chopping is if it is chopped at a moisture con-
tent that is too low, excessive heating and mold growth can run the risk of
self-combustion [18] [19]. A forage harvester is not designed to harvest dry
matter meaning that dust has the potential to cause environmental and mass loss
issues and the possibility to cause machine fires as observed by [22]. Another
disadvantage is the higher equipment and storage structure costs compared to a

conventional baling system [6] [23].

2.4. Switchgrass Collection and Storage

After baling is completed, the bales can be collected or left in the field. Depen-

dent on a producer’s storage availability and capacity, bales can be collected and
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stacked in-field. These bales either remain at the edge of the field or are trans-
ported elsewhere for storage [6]. During bale loading from field to storage, it
takes double the time to load round bales on semi-trailers than large square bales
[6] [24]. If the switchgrass is large square baled, they are stacked in-field and
transported off-field to an indoor storage facility or under-roof storage. This is
because, when precipitation occurs, the flat surface of the bale does not shed wa-
ter and as a result dry matter losses can be substantial [6] [23]. After round bales
are baled, they can be left in-field for storage or under-roof storage, like square
bales. Round bales may be left in-field because of their sloped surface, water pe-

netration is less likely, especially if they are net wrapped [6] [24].

2.5. Switchgrass Harvesting Seasons

Switchgrass can be either harvested in the spring or fall, depending on what time
a producer chooses to harvest is dependent upon field conditions, equipment
availability, and end-use energy generation [6] [25]. Although it has been found
that yield decreases by 20% - 40% if the crop spends the winter in the field, the
content of ash and water concentrations reduced. Thus, increasing the energy
content of switchgrass for all conversion systems [6] [12] [25].

When harvest is delayed, the lowered concentration of choice minerals reduc-
es the potential for fusible ash which can result in slagging and fouling or depo-
sits in the boilers used for direct combustion [12] [25]. In this case, switchgrass
intended to be used for direct combustion should be harvested in the spring ra-
ther than the fall. If the end-use is to be used for ethanol fermentation or gasifi-
cation systems, a fall harvested crop may be better suited because of their ligno-
cellulose yield [9] [25].

Improved methods for optimizing switchgrass harvest, storage, and transpor-
tation are required to better the financial and net energy economics of switch-
grass production. These optimal methods will vary with the type of bioenergy
conversion that is to be utilized and aim to reduce the quantity of switchgrass

that is left in the field during harvesting.

3. Biomass Quality and Outdoor Storage of Round Bales

When under roof storage facilities are not available or limited, round bales may
be stored in-field because of their ability to shed water. As these bales are stored
outside, directly on soil, losses of dry matter (DM) can range from 3% to 40%
and these losses are directly related to storage time [26]. In the past, many stu-
dies [27]-[37] have studied different bale wrap methods (twine or net wrap) with
different storage conditions (in-field or under-roof). These studies have con-
cluded that factors like the storage method, storage time, type of forage, and cli-
mate can affect both DM recovery and nutritional value. From these studies, it
has been recommended and mentioned that an effective way to improve DM
recovery is to physically separate the bottom of the bale from the soil or grass
sod to facilitate air flow [26] [38] [39] [40] [41] and to utilize a plastic net to
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wrap the bale to sustain a more uniform surface during in-field storage [29] [40]
[41].

For switchgrass, nutritional value is not as an important factor; since it will
not be used as animal feed, DM losses are more important. Bales that are left
in-field are traditionally stored on soil with no separation between the ground
surface and the bottom of the bale [42]. During outdoor storage during the win-
ter, DM losses occur through leaching and microbial activity from being stored
directly on the ground [26] [42]. These losses could be extensive in the northern
U.S. during the winter season. An in-field bale storage study in central Wiscon-
sin determined that when they are in outdoor storage for nearly a year; by rais-
ing bales on a pallet, to separate the bale from the ground, it has been found that
breaking the contact between the soil surface and the bale has improved the re-
covery of DM by 3.1% for hay [42], making this an effective management option.

A study on switchgrass by [43] conducted in Oklahoma, has found that tarped
round bales that were stored on pallets and gravel showed the least amount of
DM losses and changes to the bales’ composition. This finding suggests that tarp-
ing may be an alternative to barn storage. More farmers may opt to use a tarping
method during in-field storages to reduce losses during storage since it proves to
be just as effective as under-roof storage.

A study by [44] developed a dynamic cost model for three storage methods;
indoor, outdoor tarped and outdoor open with two biomass bale types, large
square bale and round to estimate the storage costs for switchgrass. The study
concluded that the outdoor-tarped large square bales option was the least costly
($16/dry Mg) and that indoor storage of round bales was costly due to estab-
lishment and use costs. This cost could be potentially reduced if it is used more
than once a year. The cost for tarping round bales during in-field storage would
add to the overall cost of biomass production and this model estimates this add-
ed cost to be $16.11/dry Mg when in storage for 10 months.

A study done by [45], studied three different round bale stacking configura-
tions for hay, single, pyramid, and mushroom. From these methods, it was de-
termined which method had the lowest DM loss when stored outside during the
winter months in Montana. These stacking methods can be seen below in Figure
3.

sssh 22

Single Stacking Pyramid Stacking Mushroom Stacking

Figure 3. Different round bale stacking methods adapted from [45].
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Recently, the mushroom stacking formation has become a popular hay storage
technique practiced in the mid-western U.S. [45]. Although it was concluded
that single stacking has the most consistent forage quality and DM for Montana
conditions, switchgrass bales are traditionally stored through pyramid stacking.
It would be valuable to perform the same stacking method at the same location
for switchgrass round bales with different ground separation techniques to de-

termine which ground separation has the least amount of DM loss.

4. Biomass Production Logistics Models

Models are important in many industries because they provide a way to predict
future events, costs, or a framework of the best way to complete a task. Biomass
logistics models attempt to encompass every operation, from seeding the plant
to the time it reaches the biorefinery. For a successful model, detailed informa-
tion must be recorded about every step of the process in between. The founda-
tion of these models is based on the soil type, seeding rate, establishment time,
equipment required and equipment costs, labor cost, and weather data. The in-
formation collected helps develop the initial parameters for cost and mainten-
ance to establish the stand.

The second element of the model involves the harvesting of the biomass. This
consists of machinery required, costs to operate the machinery, plant composi-
tion (moisture content, yield), harvest date, time spent harvesting and other as-
sociated operational costs after harvesting, the storage and transportation of bio-
mass post-harvesting needs to be considered. Again, considering the fuel costs,
bale densities, travel distance, storage information, and labor cost. Finally, the last
part of the model entails the production of biofuel. These costs include, the ma-
terials required for production, machine operation cost, labor cost, production
time, transportation cost, and the cost of storage. This detailed information used

for the model is primarily collected from field testing.

4.1. MILP Models

Recently, the mixed-integer linear programming (MILP) models are being de-
veloped and, in some cases, used in conjunction with the Greenhouse gasses, Re-
gulated Emissions, and Energy use in Technologies (GREET) model created by
the Argonne National Laboratory, to estimate greenhouse gas emissions based on
these model outputs [1] [46]. When these models were developed, field tests
were completed, and specific data was recorded so that predictions can be made
about how changing specific conditions will alter the outcome of the models. Re-
cent developments in biomass logistics models incorporate the sporadic availabil-
ity of biomass throughout areas of interest, uncertainties of supply, GIS, emissions
from logistics operations, and traffic congestion caused by biomass transportation.
Current models focus mainly on economic objectives rather than emissions from
logistics activities [47].

The incorporation of the GREET model with a logistics model [1] has been
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utilized to calculate the greenhouse gas emissions for the logistics model outputs.
This model when used with the GREET model presents an output that deter-
mines the energy consumption, costs, and emissions. The logistics model is made
up of two sub-models: the harvesting operations and the post-harvesting trans-
portation model. The model can be used for switchgrass and loblolly pine pro-
duction. This model examines four forms of biomass harvesting methods: whole
tree woodchip, clean woodchip, round bale and square bale [1]. Not only does
the model produce the biomass collection radius, number of machines required,
cost and energy consumption from the inputs, but it also presents the emissions
of the entire operation from biomass production to biorefinery.

This model does not consider an agricultural field size or shape, and this may
alter the outcome of the model. The model does consider tractors and imple-
ments used, bale accumulators, and typical bale sizes for large square (0.9 x 1.2 x
2.4 m) and round bales (1.7 x 2 m). The fuel consumption was estimated by eq-
uations from two previous publications: [48] [49]. Turhollow [1] used ASABE
Standards EP496.3 [50] [51] when Nebraska Tractor Test Laboratory data was

not available.

4.2.IBSAL Model

The integrated biomass supply analysis and logistics model (IBSAL) model is a
well-developed model that considers the collection, storage, and transportation
of biomass (Sokhansanj et al, 2006). The IBSAL emphasizes weather and the af-
fects it can have on harvest and supply to the biorefinery. It also can predict the
date that specific operations will be accomplished. This is based on the equip-

ment available and utilization of weather data.

4.3. Economic Evaluation of Switchgrass Harvesting Systems

Some publications use a cost evaluation uses the standards ASAE EP496.3 and
ASAE D497.7 [50] [51] and the equations within them to determine how much
the harvesting cost is in $/dry Mg. These costs are determined from the equip-
ment use, equipment travel, fuel consumption, labor costs for harvesting opera-
tions. These publications usually utilize data from field observations and the ma-

terial and field capacities from field tests [52].

4.4. Biomass Model Inputs and Comparisons

Models like the MILP/GRREET [1] and the IBSAL [53] have inputs needed for
the model and are listed below in Table 1.

Different harvesting costs for large square and round bale harvesting system
for switchgrass are summarized in Table 2. These prices were determined by
using a logistics model or an economic evaluation. A cost evaluation uses the
ASAE standards [50] [51] and equations in there to determine how much the
harvesting cost is in $/dry Mg. The publications that used a logistics model to
determine the prices were: [1] [52] [54]-[60].
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Table 1. Switchgrass harvesting cost model inputs.

Input Source

Bulk Density [1]

Dry Matter Loss [1]

Final Bale Form (Large Square/Round) [1]
Machine Capacity and Efficiency [1] [53]
Machine Purchase Price [1] [53]
Moisture Content [1] [53]

Number of Machines Required [53]
Size of Field [1] [53]
Transportation Distances and Mode [1] [53]

Weather Data [53]
Yield (1] [53]

Table 2. Comparison of switchgrass harvesting costs from different publications for large
square and round baling systems.

Baling System Cost ($/dry Mg) Harvest Season Location Source
4.10 Fall USA [1]
12.25 Fall VA [59]
1041 Spring PA [62]
Large Square 15.73 Fall/Spring OK [54]
19.34 Spring Italy [52]
23.72 Fall USA [57]
32.72 Fall Midwestern US [60]
Average Cost 16.90 - - -
3.90 Fall USA (1]
8.72 Spring PA [62]
Round 13.10 Spring Italy [52]
15.90 Fall VA [59]
31.03 Fall Midwestern US [60]
Average Cost 14.53 - - -

There is a large variation in harvesting cost ranging from $4/dry Mg to
$32/dry Mg for both large square and round bales. Possible reasoning for this
would be because different cost evaluations used or excluded different inputs or
factors. One model considers weather conditions and the number of machines
[52], whereas one does not consider either and the number of machines required
is an output of the model [1].

Although there have been many cost evaluations of switchgrass baling har-

vesting systems, these evaluations fail to consider field shapes when creating a
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logistics model. Recently, there has been empirical proof that planting perennial
grasses like switchgrass on marginal parts of fields can provide sustainability
benefits, but can be difficult and costly to harvest [61]. By optimizing or altering
field designs that incorporate annual crops (e.g., corn, soybeans, small grains)
and switchgrass, has the opportunity to improve a producer’s willingness to par-
ticipate in switchgrass production [61]. Another possibility to incorporating ex-
isting agricultural field shapes into cost and or logistics models is the opportu-
nity for producers to utilize these models as a decision-making tool. For exam-
ple, those who own these marginal lands may calculate if they should sell the
land to be developed or continue to be in agricultural production. Although this
may be tedious, the benefit of a user-friendly, decision-making tool could help
producers determine the most optimal harvesting scenario dependent on the

availability of equipment, field size and shape.

4.5. Field Harvesting Data Collection Methods

To collect all the necessary information to run a logistics model for switchgrass
harvesting, a variety of different data collection methods have been used by re-
searchers. Many aspects of data recording can be done manually using stop-
watch and video recording devices. New technologies utilizing Global Position-
ing Systems (GPS), Controller Area Network Bus (CAN Bus), unmanned aerial
vehicles (UAVs or drones), data loggers and other technologies are available to
aid in the data collection. Manually collected field harvesting data often is used
to verify that the information is collected properly.

During field harvesting data collection, it is important to determine the path
of the equipment to and from a field, its path through a field, and where the
bales are being dropped during the harvesting operations. By attaching a GPS
receiver to the farming equipment (on-board GPS) that is moving through the
field, different aspects of the field can be captured. For example, time spent
turning, stopping, or idling may be mapped along with bale drop coordinates.
The information provided by the GPS data will help to verify field size, bale lo-
cations, travel speed, and distance traveled [5]. Additional verification may be
done by hand using hand-held GPS devices or other surveying tools to plot var-
ious ground control points (GCPs) at field boundaries or bale drop locations.

In addition to on-board GPS receivers, drones and associated mapping soft-
ware have become more popular for utilization in mapping and surveying in en-
vironmental and agricultural applications. One agricultural application of drones
is determining a removal system for biomass bales from a stationary position
[63]. As the baler moves throughout the field, it drops them in a non-uniform
pattern, making the task of bale collection tedious and labor-intensive. The uti-
lization of drones during bale collection presents an opportunity to determine
bale location within a field, distances between bales and the best strategy for col-
lecting the bales to reduce collection time.

In a recent study by [63], researchers developed an UAV-based image system

to scan an entire field through utilizing drone photogrammetry, which was later
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used to determine bale locations in a field. Drone images were processed to ex-
plore the best approach for bale collection. That study concluded that the higher
flight velocity does not suggest there is higher inaccuracy, since the software
used automatically adjusts velocity in accordance with weather conditions. Si-
milarly, a higher flight height improved field coverage capacity [63]. If flight ve-
locity and height do not significantly affect the precision of bale locating, then
one could take field pictures at a faster velocity and higher flight elevation, mak-
ing this action alone quicker to do leaving more time to determine bale location.

The disadvantage of just using a drone for data collection is the following data
will not be collected: bale weights, moisture content, and fuel usage. A combina-
tion of utilizing a drone and in-field data collection methods may exclude some
manual data verification methods like using a tape measure to measure distances
between bales. Instead, one may use a drone and a handheld GPS. Most com-
mercial handheld GPS’s have a horizontal accuracy up to 3 m if the unit receives
a wide area augmentation system (WAAS) signal, if not the accuracy is 10 m
[64].

5. Conclusion

Biomass and biofuels play an important role in the renewable energy movement
as fossil fuel supplies continue to lessen and use increases. There needs to be a
well-developed foundation for alternative energy sources before the fossil fuel
reserves run out completely. Switchgrass production is a possible solution to the
renewable energy movement. However, the most efficient way to harvest switch-
grass and storage in-field in the northeastern U.S. has not been clearly deter-
mined. Even though most farmers with commercial haying equipment tend to
use equipment they have already purchased, it may not be the most efficient
harvesting method. The benefit of a user-friendly, decision-making tool has the
potential to aid producers in determining the most optimal harvesting scenario
dependent on the availability of equipment, field size and shape.
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