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ABSTRACT

THE ANALYSIS OF FORAGE HARVEST,
STORAGE AND FEEDING SYSTEMS

By

Philippe H. Savoie

A computer model was developed in cooperation with
other researchers to simulate forage systems on dairy
farms. The model simulates alfalfa growth, corn silage and
corn grain yields, harvest, storage, feeding and ration
formulation for a dairy herd. Alfalfa growth is simulated
on a daily basis and harvest is simulated on a half-daily
basis. Storage, feeding and ration formulation are
| simulated once per year. A 26-year series of historical
weather data from East Lansing, Michigan was wused to
estimate the average and the distribution of net returns of

forage systems.

The analysis focused on alfalfa harvest. Early

harvest (May 20 for the first cut) resulted in relatively

high quality, low yield and high net return. Low milk

producing cows may however use more efficiently an
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intermediate maturity harvest (June 1 for the first cut) by
substituting yield for quality.

Extending the alfalfa harvest period to

reduced the

four weeks
total dry matter and crude protein conserved.

The loss in crop value did not however Jjustify the high

cost of larger machinery, as long as each harvest is done

within a four week period.

More dry matter and a higher crude protein

concentration can be conserved by reducing the field-curing

delay. Additional curing treatments that would increase

the drying rate by 20% increased the feeding value of hay

by 10 to 15%. Baling hay at a higher moisture content had

a similar effect. Shifting from hay to haylage would yield

about 20% more feed per unit area. The feed quality of

haylage and hay 1is practically the same due to the lower

dry matter intake of haylage.

The simulation results indicate promising research

areas. Applied reseach could be directed towards the

development of conditioning treatments that increase the

drying rate without increasing dry matter losses, the

improvement of conservation of wet hay and the increase of

animal intake of alfalfa haylage. More basic research

should consider quality changes in silos during filling and

fermentation, modeling animal response to hay, haylage and
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large variations in feed quality, and improving estimates

of drying rates and dry matter losses.
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CHAPTER 1

INTRODUCTION

1.1 The dynamics of forage systems

An increase in the use of cereal grains and protein
concentrates in ruminant feeding has been observed in
recent years, partly because of low feed prices (Raymond et
al., 1978; Blaser, 1976). The current low feed prices may
still make the practice feasible, but the FAO (1979)
Predicts a long term increase of demand and prices of grain
and protein. High quality forages, espacially legumes, are
28 good source of protein and can reduce the need of cereal
grains and protein meal in the diet of dairy cows (Thomas,
1980). Good harvesting, storage and feeding practices play
an important role in maintaining forage quality.

Important technological changes have occurred in the
last twenty years 1in forage systems. Larger machines
(roung balers, large hay stackers) have been designed

€Specially to reduce labor requirements (Bowers and Rider,



1974). Hoglund (1967) noted that farmers were shifting
from dry hay to more haylage. He also reported an increase
in corn silage as a forage. Most of the technological
changes have meant more capital expenditures (machinery,
silos, feeding equipment) and have been justified on the
basis of labor and risk reductions.

Meanwhile the 1970's have witnessed some important
structural changes in the availibility of some resources,
especially fossil energy, and capital due to high interest
rates. Holtman et al. (1977) noted that technological
adjustments become desirable as the relative scarcity of
resources changes with time.

In view of these technological and structural changes,
2 new assesment of forage harvesting, storage and feeding
Systems has become highly desirable. A great deal of
agronomic, engineering and nutritional knowledge about
forages has been published over the last two decades.
Modeling tools have become ever more sophisticated. The
Systems approach, including simulation of the forage
System, will be useful in assessing the various
technological and management choices available to the

farmer in the 1980's.



1,2 Forage research at Michigan State University

Agronomists, animal scientists, economists and
engineers have been doing research on various components of
the forage system for several years. A multidisciplinary
research group was formed in 1979 at Michigan State
University to study the dairy-forage system. The group's
main objective has been to link the components together and
thus gain a better understanding of the whole system. In
this context, Sisco (1980) published a detailed model of
forage machinery systems.

The present dissertation was also initiated within the
nmulidisciplinary group. A simulation model of forage
growth, harvest, storage, handling and feeding was
developed in close cooperation with Parsch (1982). Parsch
deals mainly with the impact of various ratios of
corn/alfalfa production whereas the present dissertation is
Concerned mainly with machinery and storage alternatives

and with management of the alfalfa crop.



1.3 Objectives

The broad goal of this thesis is to present a

methodology and develop a simulation model to analyze and

compare forage systems. The model should be versatile

enough to allow the analysis of future technological or

managerial changes. The specific objectives are:

1,

To develop a detailed model of forage harvesting,
storage and feeding on the dairy farm. The model
will not include field operations other than forage
harvesting. The model will include alfalfa harvest
as either dry hay, wilted haylage or direct-cut
silage as well as harvest of corn silage. The
analysis will focus mainly on alfalfa harvest as
hay and haylage.

To compare forage systems on the basis of a
detailed economic analysis that includes income
from milk production, income from the sale of
excess forages, and fixed and variable costs of
harvesting, storage, feeding and ration formulation
(purchase of supplemental feeds). Simulation over
several years, based on historical weather data,
provides samples of annual profits and an insight

into the varjability of a system. Comparisons will
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be based not only on expected profit but also on
the profit distribution by stochastic dominance
analysis (Dillon, 1977).

To compare alternative technologies: hay versus
haylage, direct-cut alfalfa, additional curing
treatments to increase the drying rate (maceration
or spraying a chemical solution at mowing),
chemical additives to preserve high moisture hay or
direct-cut alfalfa.

To compare alternative management strategies:
alfalfa maturity and starting date for harvest,
three versus four alfalfa cuts, the timeliness cost

and choice of machinery size with respect to area.







CHAPTER 2

LITERATURE REVIEW

A brief review of the literature is presented which
covers past research efforts to model forage systems and
experimental work on various parts of the system. The
literature will again be referred to extensively in later
chapters to estimate technical parameters required by the
model.

A number of researchers have analyzed forage systems
wvith respect to the dairy cow performance. McGuckin and
Schoney (1980) compared hay and haylage systems as they are
affected by weather. They focused on estimating the
economic advantage of switching from a highly variable hay
System to a less risky haylage system. Under Wisconsin
veather conditions, their model predicted that haylage
Systems were both more profitable and less variable than
hay systems on typical dairy farms. Their model did not
deal with discrete aspects of harvest and storage. It

charged an annual storage cost per unit harvested and
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assumed a constant dry matter harvest rate independent of
yield.

‘ Millier and Rehkugler (1972) compared various
harvesting rates and harvest starting dates. Using a
simple crop model that predicted yield and quality only on
the basis of calendar ‘days, they observed that milk
production was negatively affected by slow harvest rates
and low forage quality.

Some authors have focused on more specific components
of forage systems. Bowers and Rider (1974) surveyed forage
harvesting equipment 1in Oklahoma. Kjelgaard and Quade
(1975) analyzed forage transport and conveying equipment
for Pennsylvania farms. Audsley et al. (1976) compared
various storage and feeding methods in the United Kingdom.
These studies, along with others (Hendrix, 1960; Moser,
1980), will provide much of the information needed for a
detailed analysis of operations related to forage systems.

New technologies abound in the area of forage systems.
Bruhn and Koegel (1977) discussed the value of mechanically
deVﬂatering alfalfa. Such a process would virtually
€liminate all weather risks associated with making haylage.
Charlick et al. (1980) have shown some advantages in using
Preservatives for the storage of high moisture hay. Nehrir
€t al. (1978) conducted field studies in which hay

Preservatives were shown to reduce dry matter losses on the

average by 650 kg/ha, compared with hay on which no
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preservatives were applied. Harris and Tullberg (1980) and
Wieghart et al. (1980) noted that chemical spraying of
forages at the time of mowing could accelerate drying and
hence reduce exposure and weather risk. Krutz et al.
(1979) proposed a shredding-type conditioner, the
macerator, to increase the drying rate. Under Indiana
conditions, the macerator has been used to dry alfalfa as
hay within one day. The dry matter losses may however be
considerable. Some European researchers (Dernedde, 1979;
Jones and Harris, 1979) noted 1increased drying rates by
tedding grasses after mowing. Alfalfa is not as well
suited for tedding as grasses becaﬁse of the fragile 1link
between the stem and the leaves, through the petiole, and
the higher risk of dry matter losses.

A number of harvest models have been presented in the
literature. Some authors have used workday probability
distributions to establish optimum machinery sets (Hayhoe,
1980; Donaldson, 1968; Sisco et al., 1980; Von Bargen,
1966). As Dumont and Boyce (1974) have observed though,
the use of daily weather data is more appropriate in forage
harvesting models since the weather of previous days has a
definite impact on the work that can be done today and on
the forage 1losses due to weather exposure. In fact,
Several researchers have used historical daily weather data
in machinery selection models (Edwards and Boehlje, 1980;

Tulu et al., 1974; Wolak, 1980; Van Elderen, 1980). The
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use of historical weather data implies that past trends
represent future trends. Van Kampen (1971) showed that
weather between 1931 and 1945 in central Netherland was
more favorable for grain harvesting than between 1946 and
1965. An optimal machinery complement for the first period
was smaller than for the second period. One should be
aware of significant weather changes in the same 1location
from one decade to the next.

Alfalfé growth simulators have been developed by
several researchers. Millier and Rehkugler (1972)
presented a simple model where yield and TDN (total
digestible nutrients) were a function of the number of
calendar dafs of growth. Fick (1977) and Holt et al.
(1978) have developed more sophisticated models which use
daily weather data as input such as solar radiation,
Precipitation and degree days.

When the harvest of a crop is delayed because of slow
harvest rates, there may be yield and quality losses. The
decrease in crop value due to slow harvest rates is called
timeliness cost. Timeliness costs are sometimes estimated
Simply as a linear function of the number of days required
for harvesting (ASAE, 1981). However, two different forage
harVesting methods, extended over the same time period,
Might well have a different timeliness cost. Indeed forage
harVeSting losses should include both quantitative and

Qualitative losses. Dale et al. (1978) simulated alfalfa

S
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dry matter losses during harvest. Alfalfa quality also
decreases with harvest delay (National Research Council,
1978). The real measure of quality losses is the
additional corn and soybean meal required to re-balance the
dairy ration and the possible milk production losses if the
minimal nutrient concentration requirement cannot be met.

Much literature is available to help build a detailed
model of forage harvesting-storage-feeding systems. It is
important however that the model be generic in the sense
that parameters are specified symbolically throughout the
model. Hence adjustments for geographical 1location, for
technological changes or for managerial choices can be made
simply by changing these parameters.

Basically a forage model should inclu&e crop growth,
harvest, storage and feed utilization on the farm. Indeed,
corn silage and alfalfa haylage are not easily marketed
because of their short conservation period once they are
taken out of storage; their value is usually best estimated
in the form of milk production and the relative changes in
the purchase of concentrates due to forage quality changes.
Even alfalfa hay, which can be sold on the market, is often
More efficiently used on the farm for animal production.

The six following chapters describe a general approach
to forage systems and the details of harvest, storage,
handling and ration formulation. Chapter 9 relies on the

Simulation model to make inferences about technological and
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management alternatives in forage systems.




CHAPTER 3

A GENERAL APPROACH TO FORAGE SYSTEMS

3.1 The Systems's Boundaries

The primary emphasis of the present dissertation is to
refine the simulation of the harvest, storage and feeding
components of forage systems. In a sense, it is a
continuation of the work done by Sisco (1980) on forage
harvesting. While Sisco considered only the harvesting
component, the forage systems's boundaries are now extended
to include crop growth, harvest, storage, handling and
ration formulation on a dairy farm. Figure 3.1 illustrates
the boundaries within - which forage systems will be
Qnalyzed.

Only two forage crops are considered in the present
Study: alfalfa and corn silage. An  important
Characteristic of alfalfa is its regrowth in the same year,

allowing multiple harvests. There can be time conflicts

12
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CONTROLLABLE INPUTS SYSTEM COMPONENTS
|
|
Land, seed, fertilizers, .
labor, machinery, energy >% Forage crop production
A
Machinery, labor, — Harvest < Weather
energy > <
/
/‘;/
P 7
W L7
Storage structures, Storage PLK
machinery
Equipment, labor, —
energy ﬁf Handling

¥

Ration formulation

1

Milk production

Supplemental feeds
(grain, protein meal)

Figure 3.1. The forage system.
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between the end of corn planting and the beginning of the
first alfalfa harvest, between the end of the third alfalfa
cut and the beginning of corn silage harvest, and between
f':he end of corn harvest and the fourth alfalfa cut. First
priority is given to finishing corn planting, the third
alfalfa harvest and the corn harvest before starting the
competing operations.

The crop growth component is driven by daily weather
data: solar radiation, precipitation and growing degree
days. Yields are likely to vary from one harvest to the
nhext and from year to year. Yields and quality of the
harvested crop are also affected by the rate of harvest: as
the calendar time required for harvest increases, more
Material and quality losses occur. Sévetal other issues
Telated to crop growth will influence the overall system
Performance: the harvest starting date, the regrowth
BPattern, the alfalfa's winterhardiness, the establishment
Of forage fields, fertilization, irrigation. The harvest
Qate and the regrowth pattern are allowed to vary but the
Qther production parameters (winterhardiness,
©stablishment, fertilizer, irrigation) do not vary in the
Present growth model.

Parsch (1982) has adapted a physiological alfalfa
Srowth model based on research done by Fick (1977). The
Model predicts growth and regrowth of alfalfa after

Subsequent cuttings. Parsch (1982) has also developed a
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corn silage yield model based on Michigan experimental
data. Both crop models are included in the present
simulation model.

What time increment should one use to simulate forage
systems? A detailed harvesting model would simulate
harvesting activities (machinery operation, field drying,
forage quality changes) on a daily or even on an hourly
basis. A detailed storage model would simulate
fermentation and quality changes on a daily basis. A
Tation formulation model would allocate various quality
forages to dairy animals according to their needs. The
Quantity of supplements required would be estimated by a
milk-feed optimization model. It was decided to simulate
Srowth on a daily basis, harvest on a half daily basis to

Provide some management flexibility and storage and feeding

On a yearly basis. All the harvested feed is allocated at
the end of the year to a dairy herd.

The harvest, storage and handling components will be
dealt with in more detail in later chapters. Their role is
to convert the field crop into a feed ready for animal
Consumption. An important aspect of the simulation is to
Closely track changes in dry matter and in quality between
the time the forages are mowed and the time they are fed.

The ration formulation model will estimate amounts of
Srain and high-protein supplements required to balance the

Tation of a complete dairy herd. It will also predict milk
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production. The value of the forage crop harvested is
converted into milk production and net profit. This is the
only realistic way to evaluate forages since in general
forages are not sold on the market but are transformed into
animal product. Computerized models for ration formulation
hawve been discussed by Black and Hlubik (1980) and also by
Waller et al. (1981). 1In the present model, rations for a
dairy herd composed of lactating cows at four possible milk
Production levels are balanced using the harvested crops
(alfalfa, corn silage and high-moisture corn) and purchased
feeds (corn grain and soybean meal) to satisfy energy and
Protein requirements. The ration formulation model is

described in section 8.1.

3.2 The Objective Function

The inputs of a forage system include 1labor, energy,
Capital, land and supplemental feeds. The outputs are milk
Production and excess forages that may be sold on the
arket. These material flows will be identified in the
Simulation on a yearly basis. For comparison purposes
however, material flows are converted into a monetary value

Qs follows:

PR = I(1) + 1(2) - C(1) - c(2) - c(3) (3.1)
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where PR is the total yearly profit;

I1(1) is income from milk production;

I1(2) is income from the sale of excess forages;

C(1) 1is the annual cost of labor, energy, repair and

maintenance for harvest, storage and feeding;

C(2) is the cost of purchased supplemental feeds;
and C(3) is the annualized cost of fixed assets

(machinery, silos, land).
The objective function above can be wused to compare
di £ ferent forage systems. Cost C(3) 1is practically
independent of weather. All other terms are weather
dependent. Even milk production might vary from year to
Year as the forage quality and the optimum feeding formula
Change.

The influence of weather can be assesed by simulating
the same forage system over several years of weather data.
Each year will provide a different total annual profit. A
Series of annual profits can be used to draw a histogram or
Q frequency curve as in figure 3.2. The expected total
Yearly profit is simply the average and can be used to
Compare different systems. The frequency curve provides
Lurther information on the relative risk of a system. It
Can be converted into the cumulative probability of annual
Profit such as in figure 3.3. The comparison of two
Systems shows that system 1 generates on the average
Cprobability = 0.5) a greater profit than system 2.
However system 1 is more variable than system 2: in some

¥ears it may provide unusually large profits; in other

¥Years, it may incur very low profits or even losses. A




" \OHER B0

Sy,




CUMULATIVE PROBABIL, Ty

FREQUENCY

18

EXPECTED

LOWER BOUND
UPPER BOUND

/

' TOTAL COST

Figure 3.2. Frequency diagram of total cost of a forage system.
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Figure 3.3 The cumulative probability of net profits
of two hypothetical forage systems.
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risk-neutral manager would choose system 1. A risk-adverse
person may prefer system 2: it yields a 1lower average
profit but it is also less risky than system 1. Comparison
of forage systems will be based on the expected yearly

profit and on the relative riskiness of each system.

3.3 A continuous versus discrete approach

Forage systems can be simulated either as continuous
Systems or as discrete systems. The continuous approach
implies that small, discontinuous events are aggregated and
that average flow rates are used. The discrete approach
Cetains a detailed description of discontinuous events.
The discrete approach is usually more complex than the
Continuous approach but provides a more realistic
Tepresentation of actual events. The continuous approach

is considered first.

3.3.1 The optimum date to begin harvest

The continuous approach is helpful in assessing some
important issues in forage systems. A first question that
AQrises is the optimum date to begin harvest. Figure 3.4,
Qdapted from Gervais (1974), 1illustrates the changes in

Y ield and quality of alfalfa during the first cut. The
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Figure 3.4. Yield and protein concentration of alfalfa
versus maturity stage during the first harvest (adapted
from Gervais, 1974).
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crude protein decreases almost linearly with the mowing
date or the maturity stage. Meanwhile the total dry matter
yield continues to increase at least until the full bloom
stage.

Yield and quality can be expressed as a function of

the mowing date:

YDM= fl(t) (3.2)
QL = fz(t) (3.3)
VAL = £3(QL) = f3(t) (3.4)

where YDMis the total dry matter yield (kg/ha);
QL 1is the forage quality, here expressed as crude
protein (dec.);
VAL is the value of the crop (§);

and t is the calendar date (day).

In equation 3.4, crop value is a function of crop quality.
This is reasonable since milk production is highly and
Positively correlated to feed quality. If alfalfa could be

harvested instantaneously, then the total value would be:
TV = YDM* VAL = f£,(t) * f,(t) (3.5)
Where TV is the total value of the crop.

The optimal date to harvest would occur at maximum
total value. The optimal date is found by differentiating
©®qguation 3.5 with respect to time, setting the equation

€©qgual to 0 and solving for t.




Wving e
e o na

sin;‘.e day

";“e:

'3

-



22

‘
aTv = £.(t) * £.(t) + £,(t) * £.(t) = 0 (3.6)
at 1 3 1 3
Solving equation 3.6 for t will give the optimal harvest
date to maximize profit if the harvest could be done in a

single day.

3.3.2 Harvest rate

In practice the alfalfa cannot be harvested
instantaneously and the harvest rate becomes an important
factor in system performance. The harvest is extended over
A pumber of calendar days. The average value of the

harvest period may be estimated as follows:
u=A/(EFC *h *r) (3.7)

Where u is the average number of calendar days required to
harvest the crop;
A is the total area of harvest (ha);
EFC is the effective field capacity calculated from
equation 4.2 (ha/h);
h is the number of field working hours per day
(h/day);

Qand r is the average ratio of harvesting days to total
calendar days over which the harvest period extends.

When the harvest is not instantaneous (u > 0.), the

total value of the harvested crop is :

to + u
TV =1 / £,(8) * £5(8) * at (3.8)
v Jt,
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The optimal starting date is found by differentiating
equation 3.8 with respect to t,, equating to 0 and solving

for to.

aTv = 14 / £1(8) * £2(t) * dt = 0 (3.9)
dt u dt ty

Solving equation 3.9 for ty will give the optimal date on
which harvest should begin to maximize profit. Parameter
u, the average number of calendar days required to complete
the harvest is not really a constant and will vary from

Year to year depending on weather.

3.3.3 Field curing delay

The quality of alfalfa (f,(t)) is not only affected by
the date at which it is mowed but also by the amount of
time it is left curing in the field. The curing delay is a
function of technology, management, yield and environmental
Conditions. Quality and value of the alfalfa crop should
be expressed as a function of both the date of mowing and

the field-curing delay.
QL = fz(t,v) (3.10)
VAL = f3(t,v) ' (3.11)

Where v is the field curing delay.
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A more complete equation for total value is therefore

¢
'rv=_1_/°
v Je

0

+u
fl(t) * f3(t,v) * dt (3.12)

From the above equation, at 1least three important

parameters need to be optimized:

tO' the time when harvest should start;

u, the harvest period equal to the average number of
calendar days required to complete the harvest
(related to harvest rate);

and v, the average field curing delay (days).

The total value of the crop (TV) is likely to increase
i1f y and v are decreased, i.e. if the harvest period and
the field curing delay are decreased. The harvest period
Can be decreased by increasing the harvest rate (usually
With larger machinery). The annualized fixed costs (c(3))
WOould then increase. It is not so clear how C(1), the
Yearly variable costs, would be affected. Labor costs
Would decrease while energy and machinery maintenance costs
Mmjght remain the same or increase slightly. The field
Curing delay can be decreased by a change in the harvest
t3'&'::hnology. For example shifting from a hay technology to
& haylage technology will substantially reduce the field
Curing time and will usually result in a higher quality,

More valuable feed. (The problem of comparing alfalfa hay
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with haylage is however compounded by the fact that animals
respond differently to hay and haylage of the same gquality
(see section 5.4.) In general, reducing the field curing
delay will increase the value of the crop. However short
exposure time technologies are often more capital or energy
intensive. So as TV increases, so will C(3).

Clearly there will be tradeoffs between the value of
the crop that may be obtained and the additional cost of
capital and energy required to increase this value. The
continuous approach helps to clarify some of the important
issues in forage systems, especially with regards to the

S1ize of machinery and the technology used for harvest.

3.3.4 Problems with the continuous approach

Two important parameters, the number of calendar days
to c.omplete the harvest (u) and the average field curing
delay (v), need to be optimized but vary from year to year
because they are weather dependent. Average values of u
a4nd v can be used, but information about the magnitude of
Year-to-year variations due to weather will be lost. A
Qiscrete approach would allow the estimation of
Year-to-year variations and establish distributions of

Yearly profits.

L



.

[

L) ang ¢
v

“_'n

ies

ks

.e
%% vear,

.l e

e e



26

alfalfa can be harvested up to four times per year in
the U.S. North-Central region. The starting harvest date
(to) and the total harvest period (u) of the first harvest
will affect the yield of all subsequent harvests in the
same year. The total value of a multiple harvest crop

would be the summation of the value of each harvest:
TV = TV(1l) + TV(2) + ... + TV(n) (3.13)
where n is the total number of harvests in a year.

Total value of each harvest, TV(i), could be estimated
by equation 3.12, but yields (f,(t)) of subsequent harvests
wWould be affected by to and u. Even n, the total number of
ha rvests in a year, might vary from year to year on account
Of weather and previous harvests. The interaction between
Previous management decisions and the yield of subsequent
harvests can be most efficiently simulated by the inclusin
O©f an alfalfa growth model in a discrete simulation.

Many management decisions are discrete and sequential,
©Specially during forage harvest when there is a field
Curing delay. A discrete approach is more appropriate to
Qnalyze management decisions such as priority between
Mowing and harvest, mowing policy with regards to weather
®xpectations or changingy the harvest sequence after

Unfavorable weather. The discrete approach is considered

nNext.

L
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3.4 A discrete approach

The discrete approach to analyze forage systems is
summarized by the flowchart in figure 3.5. The discrete
model is preferred to the continuous model because it
follows more closely the discrete decisions and events
involved in forage harvesting. It also retains information
about year-to-year variations and risk.

The discrete model will simulate forage growth and
harvest on a daily basis. After accounting for dry matter
losses and quality changes throughout harvest, storage and
handling, all forages are used to balance the ration of a
COmplete dairy herd on a yearly basis. The yearly profits
Are estimated according to equation 3.1. After the
Simulation has been repeated for a given number of years
(N), a frequency curve of yearly profits can be established
@s in figqure 3.2.

More specifically, the discrete model starts by
Feading input data required for the whole simulation. The
Crop growth information includes first and last growth days
€®ach year for alfalfa, the yield distribution for corn
Silage, the number of years of simulation and the related
historical weather data. The machinery information is used

to generate harvest rates over a wide range of yields by
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READ

1. Crop growth information

2. Machinery information

3. Management information

4., Storage and feeding information

Y_

Call FORHRV

> i

Simulate from year 1 to year NYRS

DO JYEAR = 1,NYRS

A 4

Simulate alfalfa growth and regrowth
from the first growth day the the

last growth day each year

1Is the alfalfa

Figure 3.5.

ready for harvest?

Historical or
simulated daily
weather data

Call the harvesting, storage and
feeding subroutines

Is the harvest
finished?

Set the alfalfa for regrowth

&

forage systems (continued on the next page).

Flow chart of the discrete approach to analyze
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s another alfalfa
harvest scheduled before
winter dormancy?

Cumulate all feeds harvested in year JYEAR.
Use a ration formulation model to estimate
income from milk production I(l) and from
the sale of excess forages I(2), and the
cost of supplemental feeds C(2).

1

Estimate other  variables costs C(l) (labor,
energy, repair and maintenance) and the
annualized fixed costs C(3) for machinery
and storage structures. '

\ 4

Yearly profit

No Has the simulation
been compléted for NYRS?

Yes

The distribution of yearly profits can
be used to generate a frequency curve.

Figure 3.5 (continued from the previous page) Flow chart of
the discrete approach to analyze forage systems.
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calling a set of subroutines headed by subroutine FORHRV,
Chapter 4 and _appendix B describe the machinery algorithm
~in greater detail. The management information includes the
area under cultivation, the sequence of operations and
decision criteria related to harvest and storage. The
decision algorithms are documented in chapter 7 and in
appendix C. The storage and feeding information concerns
fixed assets other than field machinery: silos, hay barns
and feeding equipment. The information is later wused to
estimate the annuvalized cost of fixed assets.

The simulation is repeated for N years. The present
weather file being used contains data for 26 years at East
Lansing, Michigan (Parsch, 1982). Within each year, the
al falfa growth is simulated on a daily basis. 1In general,
three or four harvest dates per year are defined for
@l falfa. When the calendar date equals the current harvest
date, harvest may begin. Growth will continue until the
€nd of the harvest. At this point, the alfalfa is set for
Tegrowth and the cut number (NTHCUT) is increased by one.
The second and all subsequent harvests will start at the
Specified harvest dates. When no more harvests are
Scheduled in a given year, all the harvested forages are
Qccumulated according to their storage location. The feeds
Qre balanced with supplemental grains and protein-meal to

Optimize milk production of a dairy herd.
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The continuous model 1is helpful in identifying
important 1issues: the date when harvest should start, the
harvest rate and the field-curing delay. These issues will
be considered in chapter 9 from the simulation results.

The discrete model provides the basic structure to
simulate forage growth and harvest on a daily basis and

forage allocation to a dairy herd on a yearly basis.
Year-to-year . variations in growth and harvest, and
ul timately in available feed and net returns, will be

es timated with the use of historical weather data.






CHAPTER 4

MACHINERY MODEL

4 .1 Forage harvest alternatives

The object of the machinery model 1is to predict
ha rvest rates and fuel and 1labor requirements for
Practically any combination of machines at any yield. The
Present chapter establishes the relationships that will be
USed to estimate the performance of forage harvesting
Systenms.

The boundaries of the forage sytem were defined
€arlier, in section 3.1, to include hay, haylage and
Qi rect-cut forages. The more important harvest

21 ternatives will be outlined here.

A detailed survey of harvest alternatives can hardly
be done without making an inventory of the forage harvest
lrla'ahiner:y available on the U.S. market. A generic summary
of forage harvesting machinery is presented in appendix A.

I . . s
t 3 ists slizes and capacities of most forage harvest

32
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related machines available on the U.S. market in the fall

of 1981.

4.1.1 Hay making alternatives

Tseng and Mears (1975) presented a detailed flow chart
of most technologies available for forage harvesting.
F igure 4.1 is a simplified version of their flow chart.
Hay making alternatives include all harvest sequences that
Produce dry hay. Dry hay can be packaged in several forms.
The more common hay packages are conventional small
TCectangular bales, large round bales and large hay stacks.

Hay making can be broken down into a number of
Operations that may occur in the following sequence:

1. Mowing;

2, Conditioning, to enhance drying;

3. Further curing treatment, such as desiccant

spraying or tedding;

4. Raking, to bring the material in a narrow windrow

for easy pickup;

. Additional treatment after rain;

Pickup and packaging;

Hauling to the storage site;

(o] ~ o wn
.

Conveying into storage.
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Mowing and conditioning are wusually simultaneous.

Even some additional curing treatments are sometimes
simultaneous with mowing-conditioning (e.g. spraying a
chemical solution to enhance drying). Tedding however is
seqguential. Raking is not always necessary. When it is,
it is often done just before packaging. Packaging, hauling
and conveying may be simultaneous as in the use of a small
baler, with an ejector throwing bales into a wagon,
opderating simultaneously with a transport unit and a bale
unloading component at the storage site (figure 4.2).
Packaging may also be independent of haulihg and conveying
wWhen bales are dropped and left in the field (figure 4.3).
Round bale and large hay stack systems wusually make
Packaging and transport two independent operations. Bales
Mmay be left several days in the field before they are moved
into a storage area. These systems are simpler to manage
Qnd are 1less labor intensive than the traditional,

S imultaneous baling-transport-unloading systems.
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4.1.2 Haylage and direct cutting

Haylage and direct cutting systems require that
harvest and trénsport to storage or to the feeding bunk be
s imultaneous operations. Conceptually they are very
s imilar to the baler-transport-unloader system illustrated
in figure 4.2. One occasional difference is the parallel
use of trucks or wagons pulled by a second tractor in
haylage or silage systems. Hitching and unhitching wagons
are eliminated. Dump trucks allow rapid unloading into
bunk silos.

Another difference between the haylage system and the
baler-ejector-wagon system is the impossibility of leaving
l'laylage on the ground for 1later pickup. The option of
l'~'->3l.¢:>wing chopped haylage onto the ground may nonetheless be

WQseful in dealing with hay which has molded in the windrow.

4 .2 Field capacity

Field capacity is a function of speed, of working
W3idAth and of field efficiency. It is usually expressed in
QA X ea per unit time (e.g. hectares per hour). Throughput

Sapacity is usually expressed 1in material flow per unit
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time (e.g. tons of dry matter per hour). Throughput may be
a function of field capacity and yield for harvesting
machines or may be a function of the machine's own ability
to process material.

Individual and parallel operations are defined
according to ASAE (1981), standard S322. individual
operations are continuous and independent from other
©perations. Parallel operations involve two or more
miachinery systems performing their differing functions
S imultaneously and interdependently. These two types of
machinery operations will be analyzed in greater detail

below.

4 .2.1 1Individual operations

Mowing, raking and round baling are examples of
individual operations. None can start before a set of
mManagement and environmental conditions is met. But once
these conditions are met, the individual operation can
P roceed continuously and independently from other
SPerations.

The theoretical field capacity of an individual

OPreration is calculated as follows:

TFC = (V * WW)/10. (4.1)
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where TFC is the theoretical field capacity (ha/h);

V is the speed (km/h);

WW is the working width (m);
&and 10. is a conversion factor (km-m/ha).

The effective field capacity is 1lower than the
t heoretical due to turning, idling, minor field

& djustments, temporarily slowing down, etc.
EFC = (V * WW * FE)/10. (4.2)

%r here EFC is the effective field capacity (ha/h);
& nd FE is field efficiency (decimal).

ASAE (1981) provides some data (D230.3) about the
xange of field efficiencies for wvarious operations. A
£ ield efficiency of 0.80 will be assumed for all individual
£ orage harvesting operations (mowing, raking, tedding,
baling, forage chopping independently from transport)
@xcept for round balers (FE = 0.75) and large stack wagons
(FE = 0.70). The last two machines need to stop to unload
the hay packages. The stack wagon moreover must stop
Periodically to compress the stack. These considerations
Justify the lower field efficiencies.

The theoretical throughput is
TTP = TFC * ¥YDM (4.3)

Where TTP is theoretical throughput (t DM/h);
@and YDM is dry matter yield (t DM/ha).
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The effective throughput is
ETP = EFC * YDM (4.4)

v here ETP is effective dry matter throughput (t DM/h).

<} ,2.2 Parallel operations

The most important parallel operation in forage
Iaarvesting is harvest-transport-unloading. Each part of
T he system can affect the overall <efficiency and
T hroughput. Estimating overall field capacity and material
T hroughput for a given set of parallel operations can be
<one in three basic steps:

1. Calculate the maximum harvest and transport rates

per single unit;

2. Calculate the maximum harvest and transport rates

for all units;

3. Balance the harvest and transport rates by

including idle time to one or another of the

operations.

The concept of cycle time must be introduced to
€ stimate maximum rates. The complete cycle of a forage

i arvesting machine is the total time required to hitch an
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empty wagon, to fill it, to unhitch the filled wagon and to
idle while waiting for the transport unit. The hitching
and unhitching times are fairly predictable; they are
-g;rouped and called the minimum interface time in the field

Ioetween the harvester and the transport unit.
TOTHRC = THR(1) + THR(2) + THR(3) (4.5)

where TOTHRC is the total harvest cycle time (h);
THR(1) is the minimum interface time in the field
between the harvester and the transport unit (h);
THR(2) is the time required to fill a wagon (h);
&and THR(3) is the idle time the harvester spends waiting
for a transport unit (h).

The hitching and unhitching times (THR(l)) are fairly
Predictable and can be provided from experience. Values
between 0.05 and 0.08 hour are generally used in the model
for total interface time. The time to f£fill a wagon,
‘THR(2), will depend on throughput of the harvester and
wWagon capacity. Throughput is generally expressed as the
Mass of dry matter processed per unit time whereas wagon
< apacity is in mass of wet matter. The wagon's dry matter

< apacity is:
DMCAP = WCAP/(1l. + M) (4.6)

wWhere DMCAP is the wagon's dry matter capacity (t DM);
WCAP is the wagon's actual capacity (t WM);
@nd M is the moisture content (dec, dry basis).
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The actual time to fill a wagon is

THR(2) = DMCAP/ETP (4.7)

Assuming no idle time (THR(3)=0), the maximum harvest

xrate of a single harvester is
HR = DMCAP/TOTHRC (4.8)

where HR is the maximum harvest rate of a single harvester
(t DM/h).

On very large farms, several harvesters may be working

sSimultaneously. The total maximum harvest rate would then

be
XHR = NHU * HR (4.9)

where XHR is the overall maximum harvest rate when no 1idle
time is considered (t DM/h);
and NHU is the number of harvesting units.
When more than one harvester 1is used, it is implicitly
AQssumed that they all are of the same size and capacity.
The cycle time of each transport unit is estimated as

F ollows:

TOTTRC = TTR(1) + TTR(2) + TTR(3) + TTR(4)
+ TTR(5) + TTR(6) (4.10)
wWhere TOTTRC is the total transport cycle time (h);

TTR(1) 1is the minimum interface time in the field
between the transport unit and the harvester (h);
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TTR(2) is the time to travel from the field to

storage with a full load (h);

TTR(3) 1is the time to travel from storage to the

field with an empty wagon (h);

TTR(4) is the minimum interface time at storage,

excluding unloading (h);

TTR(5) is extra time the transport unit must spend at

the storage site to help with unloading (h);
a&and TTR(6) is idle time waiting for the harvester (h).

The minimum interface time between the harvester and
the transport unit TTR(1l) is the same as THR(1l). Travel
times TTR(2) and TTR(3) are calculated by assuming the
maximum allowable speed, based on tractor power and
¥Physical speed limitations, will be used to travel the
<istance between storage and the field back and forth. The
minimum interface time at storage  TTR(4) includes
unhitching and hitching if extra wagons are available and
e@xtra labor is working continuously at the storage site, or
the time to set up a wagon so it may be ready for
unloading. If the transport unit can exchange a full wagon
for an empty one at storage without any delay besides
WUnhitching and hitching, then TTR(5) 1is =zero. In many
< ases however, the transport unit will have to wait for the

Wnloading system to empty the wagon. The waiting time is

@ stimated as
TTR(S5) = (DMCAP - QULA)/ULTR (4.11)

wWhere QULA is the quantity unloaded during the transport
unit's absence <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>