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Abstract

Evaluation of a handling system for ley crop used in
biogas production

Lena Vågström

The Växtkraft project in Västerås, Sweden, aims to produce biogas out of ley crop
and organic waste. The aim of this study has been to estimate the capacities within
the handling system used for the ley crop harvest, and the resources needed. For this
purpose a model in the form of a calculation program in Excel was built. The model
makes it possible to vary parameters such as transport system design, distance from
fields to storage, dry matter content and yield. The results showed that it is essential
to match the capacities between chopper and transport to minimise the time and cost
connected to the harvest. To avoid creating costly bottlenecks in the Växtkraft case
the transport system has to consist of at least two trucks with trailers. The estimates
made with the model suggests that the distance to storage is strongly linked to the
dimensioning of the transport system, whereas the number of fields and their size has
a lesser impact on harvest time and cost. Variation of the dry matter yield from a base
scenario had an impact on the cost for harvesting, but not on the choice of transport
system. The model couldn’t detect any reliable differences in total costs due to the
variation of dry matter content between 25-45%. The choice of chopping machinery
in the Växtkraft project leads to small timeliness costs. Together with a reasonable
choice of transport system they will only constitute a few percent of the total costs
for harvesting. 
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I

Inom ramen för Växtkraftprojektet i Västerås ska biogas produceras genom
rötning av ensilerad vallgröda och biologiskt avfall. Syftet med denna studie var
att utvärdera hanteringssystemet för vallgrödan genom att uppskatta kapaciteter
och kostnader för systemet. För att kunna göra detta konstruerades en modell i
form av ett kalkylprogram i Excel. Modellen gör det möjligt att variera parametrar
som exempelvis utformning av transportsystem, avstånd mellan fält och
ensilagelager vid anläggningen, torrsubstanshalt (ts) och avkastning (kg ts).
Resultaten visar att det är essentiellt att matcha hackmaskinens och transportens
kapaciteter om man vill minimera tiden för skörden och dess kostnader. För att
undvika att skapa kostsamma flaskhalsar i Växtkraftfallet bör transportsystemet
bestå av minst två lastbilar med släp. Uppskattningarna som gjorts med hjälp av
modellen pekar på att avståndet från fält till lager är en viktig faktor att ta hänsyn
till när transportsystemets dimensionering ska avgöras, medan fältens antal och
storlek påverkar skördetider och kostnader i lägre utsträckning. Variationer i
avkastningen jämfört med ett basscenario påverkar kostnaderna för skörden, men
inte valet av transportsystem. Modellen kunde inte upptäcka några tillförlitliga
skillnader i de totala kostnaderna när torrsubstanshalten varierades mellan 25%
och 45%. Valet av en effektiv självgående exakthack för Växtkraftsprojektets
skörd leder till att läglighetskostnaderna blir små. Tillsammans med ett rimligt val
av transportsystem kommer läglighetskostnaderna endast att utgöra några få
procent av den totala kostnaden för skörden.
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There is an increasing interest for producing biogas from organic waste and ley
crop. The interest in the latter is partly due to the need to find alternative use for
land previously used for cultivating grain, and partly to the fact that cultivation of
ley for energy purposes can mean an increase in the nitrogen supply for the soil.
Ley crop fixates nitrogen into the ground, which enhances the structure and
production ability. If the digestion residue (digestate) is re-circulated there is also
less need for fertilisation.

One of the first attempts to use ley crop together with organic waste for biogas
production on a large scale is done within the Växtkraft project in Västerås,
Sweden. The aim of this degree project is to estimate the capacity and resources
needed in the handling system for the ley crop as well as to identify possible
system bottlenecks. The degree project will be part of the basis of a deliverable in
the project AGROPTI-gas, which is financed by the European Union.

1.1 Objectives
The degree project aims to the estimate the capacity of the Växtkraft handling
system and the resources needed. The emphasis lies on the matching of machine
and transport capacities to reduce costs. A discussion of possible bottlenecks will
be held based upon the findings.

1.2 Report outline
By way of introduction the Växtkraft project is described both in its origin and in
its composition in chapter 2. Then follows an account of large-scale harvesting in
general, based on the literature study. Chapter 4 describes the methodological
approach, and gives details about the model construction. The results are shown in
chapter 5. In Chapter 6 the study and the results are discussed. Finally, attempts to
draw conclusions are made.
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The växtkraft project has been in the making for more than a decade. The origin
of the project is to be found in a political motion to cut down the cultivation of
grain in Sweden. To find a future use for the land and to prevent it from becoming
overgrown, a local Västerås farmer came up with the idea of cultivating ley to
produce energy and fertilisation. Together with two researchers from the Swedish
University of Agricultural Science (SLU) and a few other farmers, he founded the
company Svensk Växtkraft AB in the year of 1990. The inception of the company
made it possible to apply for subsidies for research and development of a biogas
system.

The system includes a plant for gas production, an upgrading plant (for purifying
of the gas), pipes for transportation of the gas, and a filling station for vehicles.
The biogas is to be produced from both ley grown by local farmers, and from
organic waste collected from the city of Västerås. The digestate is to be re-
circulated back to the fields. A factor for enabling the project was that the
municipal council of Västerås gave the local Traffic Company economic security
to buy buses fuelled by biogas. This way Svensk Växtkraft could ensure a market
for the upgraded biogas. This will give them an income needed to finance the
running costs of the enterprise.

The investment costs amounted to around € 16.7 million (150 million SEK, 1 € =
9 SEK). Half of this capital was contributed by the LIP1-program. In addition to
this the project received € 2.2 million (20 million SEK) from the European Union2

for research and evaluation concerning the project. After many years of inquiries
in co-operation with local and national participants; VAFAB – the Solid-waste
company of Västmanland, LRF – the Federation of Swedish Farmers, and
Mälarenergi – owned by the city of Västerås and responsible for delivering
electricity and fresh water, went into Svensk Växtkraft as capital-investing
partners in 2003. The project was given a go in September of 2003, and the
building of the necessary infrastructure started later that year.

Figure 1. Ownership distribution (Svensk Växtkraft, 2004)

                                                
1 Local Investment Program: Subsidy to increase ecological sustainability in Swedish society.

2 EU-project called AGROPTI-gas: Demonstration of an optimised system for biogas from
biological waste and agricultural feedstock
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2.1 The biogas system in short
The biogas plant is situated in Gryta, in the northern outskirts of Västerås. The
plant will treat organic waste from households around Västerås, grease trap
removal sludge from restaurants and ensiled ley crop. The annual yield of biogas
from the plant is expected to contain 15 000 MWh energy. In addition, the
existing sewage treatment plant in Västerås generates 8000 MWh of energy in the
form of biogas from digestion. The gas from the sewage is transported to Gryta
through a new 8.5-km pipe. At Gryta the gas from the sewage and from the biogas
plant is purified. The yearly yield in vehicle fuel is equivalent to 2.3 million litres
of petrol (Svensk Växtkraft, 2003). The fuel is then transported through yet
another pipe to the filling station. A schematic picture of the gas network is shown
in figure 2.

Figure 2. Schematic picture showing the gas network in Västerås. (Svensk
Växtkraft, 2004)

The plant will receive an amount of 14 000 tonnes3 of solid organic waste, and
4 000 tonnes of liquid organic waste annually. Furthermore it will receive a total
of 5 000 tonnes of silage for treatment in the digester. During an average day of
gas production about 20 tonnes of silage is supposed to be fed into the plant. A
flow chart of the plant is shown in figure 3.

                                                
3 Metric tonne = 1000 kg. Abbreviation: (t)



4

Figure 3. Flow chart of the biogas plant. (Svensk Växtkraft, 2004)

In this degree project the focus is in the handling of the ley crop. The system
studied is therefore limited to the logistics concerning the ley crop and the
timeliness costs associated with it. Following is a more thorough description of
the handling system.

2.2 Description of the handling system

2.2.1 The cultivation of ley
The company Svensk Växtkraft AB is part owned by seventeen local farmers who
together hold 20 % of the shares. These farmers are contracted by the company
for the cultivation of 300 hectares (741 acres) of ley, and for the reception of
digestate. Each farmer is to grow ley on a certain area, which can not deviate by
more than –10% to +20% from the agreed one. The contract also stipulates that
the area has to be of such a size and shape that efficient harvesting is possible. To
ensure the quality of the ley the seed will be provided by Växtkraft, free of charge
for the individual farmer. (Pettersson, 2004) The ley will be a mix of different
varieties of: clover [27%], timothy [25%], fescue [25%], cocksfoot [10%] and
ryegrass [13%] (Teikari, 2004). The ley will lie for two to three years and should
be part of the normal crop rotation (Svensk Växtkraft, 2003). Roughly 15 % of the
cultivated ley comes from organic farms. Location of the fields can be viewed in
figure 4.
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Figure 4. Location of acreages of ley crop to be used in the biogas plant. The
white dots each correspond to ten hectares of ley. The grey dots are locations of
storage for digestate.

2.2.2 Plan for harvesting and transport of ley crop
The time of harvesting is to be decided by Svensk Växtkraft, but it is planned to
take place at the same time as it would for ley used for cattle feed. When deciding
the starting point for the harvest, the company will take not only the weather into
account but also the soil conditions, as to avoid packing of the soil.

To obtain a substrate suitable for digestion, Svensk Växtkraft has decided to
organise the harvesting of all the fields, although the actual work will be done by
contracted entrepreneurs. The mower conditioner will preferably lay a swath from
a width of 9 meters or more. Depending on the weather the crop could be wilted
in the swath or on the ground by spreading of the swath. Ideally the forage will
contain around 35% dry matter4 (DM) when the chopping starts (Fröba 1996).
The use of a self-propelled precision chopper (see figure 5) will ensure that the
forage will be finely chopped to enhance a well functioning silage process
                                                
4 The dry matter content is the percentage of the material that is not water. The amount of dry
matter is the weight of the material left when the water has been removed.

Plant
area
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(Hertwig et al., 1996) and provide a substrate suitable for gas production. The
chopping length is set to 15 mm. The chopping is to be done directly into 40m³
containers pulled by the chopper. The containers will then be transported to the
plant area by truck. When the trucks arrive at the biogas plant area the loads will
be weighed and two samples from each farm will be sent for analysis of DM
content. The price to be paid by the company to the farmers is set to € 0.022/ kg
DM (0.20 SEK). (Pettersson, 2004)

Figure 5. Mower conditioner, nominal width 9 meters (left) and Claas Jaguar
precision chopper with container (right).

2.2.3 Ensiling of ley
For the storage of the ley crop a system of bag silos has been chosen. Växtkraft
will lay asphalt on an area in close proximity to the plant, where the bags will lie.
It will be equipped with drainage for the management of seepage. (Olai, 2004)
This is also where the unloading of the containers carried by trucks and the
packing of the bags will take place. The biogas plant will have a few in-house
vehicles, such as a wheel loader and a tractor, which will be used for transporting
the ley shorter distances in the plant area. A contractor with a bagging machine
will be hired to pack the crop in large bags with a diameter of 10ft (approx. 3
meters).

Figure 6. Bag silo (left) and bagger machine (right)
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In this study the focus is in the handling of the forage. Silage logistics have also
been studied by for example Fröba and Jäger (1996) and Bernhardt et al. (2004).
The harvest efficiency is not only a question of high capacity of individual
machines. The capacity of all operations in the machinery chain; mowing,
chopping, transport and storage/ensiling must be well adapted to one another to
avoid bottlenecks that could lead to unproductive periods of delay, idle machines
and higher costs (Fröba & Jäger, 1996). When the goal is to harvest large amounts
of high quality feed at an optimal time and at a low price, special attention needs
to be given to harvest logistics (Fechner & Hochberg, 1996). Since methane yield
is influenced by the time of harvesting (Amon et al., 2004) the timing and
capacity of the harvest operation is of vital importance.

3.1 The concept of timeliness
Depending on soil and weather conditions, type of crop and geographical location
there is an optimal date to harvest. At this point in time the quality and the yield of
the crop is most beneficial. However it is very unlikely that the harvest operations
can be completed in that specific time. Timeliness costs are costs that occur when
the harvesting isn’t done when the ley crop has its maximum value. As a result,
there will be losses connected to the time it takes to harvest. (Witney, 1996)

The operation in the harvesting chain with the lowest capacity decides the
duration of the harvest and influences the timeliness costs. Hence the timeliness
costs must be considered in relation to the cost of increasing this capacity.
(Gunnarsson et al., 2004) A seemingly simple balancing act, calculations of
timeliness coefficients pose many difficulties. Apart from the fact that the optimal
date can be hard to determine, the change in value of the crop due to the passing
of time is an elusive parameter. If the crop is to be used for biogas production the
change in value of the crop due to untimely harvest operations is related to the
methane yield at different points of time and the market value of methane.

3.2 Mowing and wilting
Recently mowed ley crop contains about 75-80% water (Jeppsson, 1981). To
achieve a high quality on the silage, wilting the ley until it contains around 65%
water is desirable (Fröba, 1996). This also increases the harvesting capacity.
When mowing ley crop, studies have shown that a mower conditioner is a
preferable choice of machinery since it facilitates the wilting of the crop. Since the
capacity of a mower often is higher than for the operations further down the ley
harvest and ensiling chain (Jonsson, 1986) it is desirable to not mow more
material daily than can be handled by the chopper, transport and bagging.
Otherwise the dry matter content may become to high and losses of material and
quality may be significant and make silaging difficult. The wilting is very weather
dependent, so the time it takes to achieve the desired dry matter content varies
considerably (Aniansson et al., 1965). During good weather conditions one can
expect the crop to be ready for chopping in less than 24 hours (Witney, 1996).
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3.3 Chopping and transport
To obtain a harvest with a high quality the harvesting has to be done with a high
enough capacity of harvesting and haulage in relation to area, yield and the speed
of development of the ley (Belotti, 1990). The influence of the vegetative stage on
the quantity and quality of the grass must be emphasised. This problem affects the
planning of the harvest activities and the sizing of the harvest mechanisation
chain. The chosen chain must be capable to guarantee the timeliness of operations.
(CIGR, 1999) The importance of having a well balanced and dimensioned
capacity of the harvest chain is also discussed by Hertwig et al. (1996). His
studies shows for example that to fully use the capacity of a chopper the number
of transport vehicles has to increase with increasing distance.

A forage harvester is the key link in any harvest mechanisation chain. Self-
propelled forage harvesters (such as a precision chopper) generally offer excellent
manoeuvrability and efficiency. Some newer models also have a very high
capacity. The trend is to use large self-propelled harvesters hired from contractors.
This can reduce costs and harvest operations can be completed in a timely
manner, ensuring good product quality. (CIGR, 1999) Hertwig et al. (1996)
mentions that one disadvantage with using a chopper instead of for example a
forage wagon is that it puts higher demands on organisation and logistics of the
transport to ensure high harvest capacity and to avoid having the chopper to wait
idle.

The harvesting and transporting cycles are linked at the changeover of full and
empty containers (Witney, 1996). The capacities of these operations are very
important to match. Given a certain chopper, and the size, shape and yield of the
field, an estimation of the needed transport can be done. But to get a somewhat
realistic estimation one also needs to know the distances from the fields to the
storage, the time it takes to load and unload containers and how much of the
choppers productive time that is spent on turning, driving between fields etc. The
chopper’s capacity also depends on the skill of the driver and unexpected delays.
With careful planning you can limit delay caused by uneven capacities between
chopping and transport. In doing so you transfer the critical operation further
down the cycle of harvesting. The transporting and ensiling/bagging cycles are
linked at the trailer unloading activity. It is important that the ensiling capacity
can keep up with the transport, as to not create a bottleneck in the end of the chain
and make previous improvements useless.

Eldelind (1973) points out in his study of harvesting ley crop intended for high
temperature drying, that the number of available variations when choosing a
harvest machine chain is very large. When possible Eldelind recommends the use
of project specific values linked to the prevailing conditions for a certain harvest.

3.4 Ensiling in bag silos
The use of bagging machines for pressing ley crop into bag silos for storage has
become increasingly popular. It is relatively inexpensive. Although research
results concerning this ensiling method is limited they generally indicate that the
method means low losses of silage. (Muck & Holmes, 2001) The capacity of the
bagging machine depends on the length and dry matter content of the material.
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When ensiling ley crop, which is short and has a dry matter content around 35%,
the capacity of the machine is high. According to three different Swedish farmers
(Björkegren, 2004; Johansson, 2004; Westin, 2004) who use this method of
ensiling, the machine packs around 14-15 tonne DM/h under such conditions.
Normally the limiting factor when it comes to the process of ensiling in bag silos
is to have the chopping and transport work properly as to ensure a continuous
flow of material to the bagging machine.
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4.1 Gathering project information
Information about the Växtkraft project was gathered by several approaches. The
site for the biogas plant and nearby areas was visited. The plant manager Carl-
Magnus Pettersson was interviewed to get a better idea of how the management
plans to run the project. Different sorts of written material by Svensk Växtkraft,
such as cultivation contracts and status reports have also been studied. To retrieve
information about conditions for individual farmers involved in Växtkraft, they
were sent questionnaires from JTI in June of 2004. When collecting these in
September, maps were enclosed with the size, shape and location of the fields for
cultivation of ley for the coming year. All in all, this information formed an
overall image of the system to be studied.

Next, literature and studies concerning harvesting machines and techniques,
cultivation of ley, biogas production etc. was studied. The material included
reports of studies done by JTI5, SLU and KBTL6, literature mainly by CIGR
(1999) and Witney (1996), and articles on related subjects. With these facts as a
foundation the formation of a model for the time spent harvesting began.

To get further input on which factors are important to consider when modelling a
harvesting system like the Växtkraft-project’s, interviews were conducted by
phone with relevant persons. Among others they were; Jan Nystedt with the
harvesting company SOLAB, haulage contractors, farmers/entrepreneurs who use
bagging machines on a larger scale, and entrepreneurs who use precision
choppers. From the informants there was for example possible to gather
experience-based estimations of the time different operation takes and to what
costs. For some necessary input such as material DM density, there was no
satisfactory function to be used in the model. Therefore data from harvest trials by
SLU was retrieved in order to extract the needed information.

4.2 Implementation
Finally a static model focused on the quantity of time was built in the form of a
calculation program in Excel. Calculations of harvest time were made mainly for
a set of input that tries to describe the Växtkraft system. Parameters such as
transport system design, distance to storage, dry matter yield and dry matter
content of the ley crop was varied to detect their impact on the system’s capacity
and on the cost for harvesting.

4.3 Description of the model
The model of the harvesting presupposes that the mowing is a non-limiting
operation that can be adapted to the cutting ability. The mowing is therefore
considered to have impact solely on the width of the swath laid for cutting. The

                                                
5 Swedish Institute for of Agricultural Engineering

6 Commission for technology building and constr. in agriculture - Germany
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price for mowing is fixed to the area mowed. The operation of ensiling the
material into bags with a bagger-machine is also considered to be a non-limiting
operation and is hence considered only when it comes to costs. The cost for the
bagger is per hour. The total cost for bagging will therefore be linked to the time it
takes to chop and transport all the material. Figure 7 shows the construction of the
model in a simplified way.

Overall input
Dry matter content
Yield data Time to transport
Start date for first harvest

Prognosis of the total time
Input for fields to chop and transport 
Size Time to chop
Shape
Distances

Input for machines
Width laid in swath
Work speed Machine capacities Timeliness cost
Transport speed
Time to change container

Input for transport
Number of trucks
Number of trucks with trailers Transport capacities
Loading time
Unloading time

Costs input
Price/ha for mowing
Price/h for chopper Total costs
Price/h for trucks
Price/h for bagger

Figure 7. A simplified schematic picture of the model.

4.3.1 Input data needed
The calculation program needs a set of input data to perform its calculations. The
model assumes two harvests to be taken. For each harvest the input that has to be
specified follows below.

Each field has to be associated with size, classification of field shape factor, the
distance to the field next in line to be harvested, and the distance to storage. The
latter can be attributed with a percentage of “speedroad”. This means that you can
specify how much of the distance that can be travelled at a given high speed by a
truck.

The input for the precision chopper consists of maximum working speed,
maximum throughput capacity, transport speed and nominal width of the swath
laid for cutting.

Transport input consists of the average high- and lowspeed for a truck, the number
of trucks used at a time, and the container volume. The time for a truck to load
and unload a container is pre-set according to the number of containers the truck
carries. The time to change containers for the chopper can be varied. The length of
a workday is specified in number of hours.
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A start date needs to be set for the first harvest. The DM yield data consists of
input depending on the start date for first harvest. The data is based on field trials
performed by Jönsson (1981). DM yield can be varied with a desired percentage.
The DM content can be varied but is assumed to be the same for all the fields.
Finally there is an input of costs for mowing in SEK or € per hectare, and for
chopper, trucks and bagger in SEK or € per hour.

4.3.2 Calculation of theoretical chopping time
The throughput capacity is the amount of material harvested in an hour. The
program calculates the throughput capacity in tonnes of dry matter harvested per
hour by using formula 1 (Jonsson, 1986). The calculated throughput capacity is
limited by the maximum throughput capacity. If the former exceeds the latter due
to a high DM yield the work speed is decreased from the maximum work speed to
a speed that will keep throughput capacity within limits.

[ ] [ ] [ ]
)1(

10

11 −− ××= hkmworkspeedmcutofwidtheffectivehDMtyield
capacityThroughput

This capacity is a spot rate – it describes the performance of the machine when it
is doing productive work. The theoretical time to chop a field (the time the
chopping would take if the chopper is 100% productive) is calculated by dividing
the field’s given DM yield with the throughput capacity of the chopper.

Contingencies (unpredicted events) is set to constitute 17% of the productive
work time (Witney, 1996). This time is added to the theoretical chopping time.

4.3.3 Calculation of turnaround time
Studies have shown that the time for turnarounds can have a rather substantial
impact on the felling (Jonsson, 1983). One way to estimate the time is to have it
depend on the size of the field. The proportion of time spent on turning usually
decreases with increasing size of the field. Figure 8 shows the function used for
the calculation of time spent on turnarounds. It is adapted from Whitney’s (1996)
data on time spent on turnarounds and headlands.
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4.3.4 Taking field shape into consideration
The time for chopping is also dependent on the shape of a field. Using a square 10
ha field as a comparison index, fields of the same size but with a different shape
can take a shorter or longer time to chop. A field with index = 105 takes 5 %
longer time to chop than the field with index = 100. A simplified model of field
shapes and their corresponding indexes is shown in figure 9 (Witney, 1996). The
fields used in this study’s calculations have all been manually classified according
to this system.

Figure 9. Field shapes and their indexes for chopping times compared to
index=100.  Model taken from Witney (1996).

The program considers the shape of the field when estimating the time used for
chopping (container change not included) as seen in formula 2.

( )
factorshapefieldWitney

sturnaroundfortimeiescontingenctimeltheoreticatimeChopping ×++=
     (2)

4.3.5 Material density used in calculations
The DM density of the chopped material depends on the composition of the
different types of grass in the crop, the length of the cut material and on the dry
matter content. When trying to determine a function for the density of ley crop it
is common to weigh the material, test the dry matter content and relate this to the
volume of the load. In Jonsson’s (1984) study a regression of data from ley
harvest trials gave the function given in formula 3 (Jonsson’s regression), where x
is the dry matter content in percentage, and y is given in kg DM/m³.

 y = 0,2x + 66.1                                                                                             (3)

In Jonsson’s trials the container volume was only 15m³. In this study the container
volume is set to 40m³. A larger container takes longer time to load, not only due
to extra volume – but in travelling further in the loading process, the chopped
grass settles more and increases the potential load (Witney, 1996). Jonsson’s
regression could therefore underestimate the DM density. Hence, this program
uses another function to calculate the material DM density. It has been derived
from test data from trials made at the research center Kungsängen in Uppsala in
2004 by the department of Animal Nutrition and Management at SLU. The
weights and DM content were recorded when using containers with an effective
volume of 32m³. The data was treated by removal of the samples concerning pure
clover loads and half-empty loads, and thereafter a linear regression was made
(see figure 10).
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Figure 10. The screened data from the trials in Kungsängen and the best fitted
line of regression.

The resulting function is shown in formula 4 (Vågström’s regression).

 y = 0.47x + 65.0                                                                                             (4)

 A visual comparison of the two functions is shown in figure 11.

Figure 11. Functions of DM density of ley crop as derived by Jonsson and
Vågström.

4.3.6 Total chopping time – including container changing
The chopped material goes into a container pulled by the chopper. A relatively
large amount of time is spent on changing these containers when they are full.
Therefore the program calculates the amount of containers needed on a field with
the formula 5.
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mDMtDensitymvolumeContainer

haDMtYieldhaareaField
containersofNumber   (5)

Vågström’s regression (formula 4) is used to determine the density. The result is
rounded up, since half-empty containers also need to be changed and transported.
The total time spent on container changing on a field is the rounded number of
containers multiplied by the time it takes to change one container.

y = 0,4676x + 64,961

R2 = 0,073
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The chopper is considered to be done with a field when it has arrived at the next.
The total time therefore includes the time it takes for the chopper to transport
itself to the next field (see formula 6). For simplicity, fields within the same farm
are assumed to have no distance between them.

fieldnexttochopperoftransportfortime

timechangingcontainertotaltimechoppingfieldchoptotimeTotal

+
+=

       (6)

The total time that the chopper is active during the harvest is the sum of the total
times it takes to chop the fields. The term active means that the chopper is busy
with something – it is not idle waiting for a truck to bring an empty container.
Depending on the chosen transport system the chopper can be idle for a varying
amount of time.

4.4.7 Calculating transport time
The time it takes to transport one container and return is naturally the distance to
storage times two (back and fourth) divided by the average speed. The percentage
of speed road can be taken into account. The loading/unloading time is added to
the transport time. See formula 7.

timeunloadingtimeloading
speedaverage

ancedist
containeronetransporttoTime ++×= 2

The total transport time for all the material on a field is dependent on the chosen
transport system and the number of containers to be transported. The total time
that the transport system is active is the sum of the times it takes to transport the
material from the fields to storage. The transport system is idle if it has to wait for
the chopper to finish before it can drive off with the load. When calculating the
transport time no consideration has been taken to such things as breakdowns,
refuelling of trucks etc.

4.4.8 Time output
For each transport system the program calculates the difference between the
transport time and the chopping time for a field. This way information is given
about on which fields the chopper has to wait idle for a truck, and on which fields
the truck has to stand idle until the chopper has finished.
The total time the chopper and the transport system are idle respectively is
calculated.

 The sum of idle and active time for chopper or transport is the connected
chopping and transport time for the harvest. This is the time used to calculate the
costs.

chopper active transport active Actual time
+ or + = for chopping

chopper idle transport idle and transport

(7)
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4.3.9 Timeliness costs
The timeliness costs in this study are calculated with a method developed by
Carina Gunnarsson, a Ph.D. student at the department of Biometry and
Engineering with the Swedish University of Agricultural Science (for a thorough
description of the method see Gunnarsson et al., 2005). The calculations use the
time output from the model to calculate the start of the harvesting of each field.
By comparing the value of the crop at the actual time of harvest to the value at the
optimal harvest time the timeliness cost is calculated. The value of the crop is
connected to the difference in methane yield (biogas yield) over time. The value
of the biogas is in turn the selling price of the vehicle fuel with taxes excluded.7

Due to changed chemical composition in the plant the methane yield per kg
anaerobically digested DM normally decrease when the forage is ageing (Amon et
al. 2003). But since it is relevant to determine the total methane production for a
specific area, consideration needs to be taken also to the DM yield. Hence finding
the optimal time to harvest includes finding the optimal relation between the
decreased methane yield per kg DM on one hand and the increased DM yield on
the other hand. Since delays of the first harvest influence the DM yield of the
second harvest timeliness costs were calculated for each field for the two harvests
together.

The starting time of the first harvest was fixed and set to a date relevant to the
area. From this the time it takes to chop a field is related to the yield given by the
yield data. The yield of the next field depends on this time. An optimisation is
then done to find the starting date of the second harvest that results in the highest
value in € of the total yield. The total yield for first and second harvest used with
this method of calculating correspond well with standard yield for central Sweden
(7.5 tonne DM/ha (Sweden, 1997)). The yield for organic farms is often less than
this, but since these farms constitute less than 15% of the cultivated area, it is
assumed that the yield is the same for the total area.

Due to the weather harvest cannot be performed everyday. This fact is taken into
consideration when it comes to calculating the timeliness cost. The duration of the
harvest was adjusted with a probability factor for suitable weather. The
probability factor was derived from weather data from Uppsala between years
1980 and 1994, assuming that the day was workable if it had no precipitation. The
probability factor used was 0.71 (May-June) for first harvest and 0.60 (August-
September) for second harvest. The resulting timeliness cost is added to the
overall cost for the harvest.

                                                
7 The price for the vehicle fuel is to be set 20% below the price for gasoline –95. Shells gasoline
price from December 2004 is used in this study; € 0.84 for one liter of gasoline (taxes excluded).
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The results are dependent on the input to the program. The data common for all
the tests made with the program is accounted for in table 1.

Table 1. Data specifications common for all results

Common data used in study Value Reference

Width laid in swath for cutting (m) 9

Container volume (m³) 40
Svensk Växtkraft, (2004)

Chopper maximum work speed (km/h) 12

Chopper maximum capacity (t DM/h) 40

Chopper transport speed (km/h) 25

Experience based values

Average high speed for trucks (km/h) 70

Average low speed for trucks (km/h) 40
Assumed

Truck loading/unloding time (min) 2.5

Truck with trailer: loading/unloading time (min) 20

Time for chopper to change container (min) 3

Experience based values

Length of workday (h) 12 Assumed

Cost mowing (fuel and driver included) (€/ha) 27.8 Maskinring Öst, (2003)

Cost truck (containers, fuel and driver included) (€/h) 66.7

Cost truck with trailer (all included, see cost truck) (€/h) 100.0

Based on information from
haulage contractors

Cost chopper (driver and fuel included) (€/h) 153.1

Cost bagging (tractor included) (€/h) 79.4
Maskinkalkylgruppen, (2004)

The cultivated area is 316 ha divided into 32 fields. Figure 13 and 14 gives an
overall idea of the Växtkraft fields’ distance to storage and their size. For data on
specific fields see appendix no 1.
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Figure13. Distribution of the distance to storage for the Växtkraft fields. Nearly
70% of the fields are further away from storage than the average of 17 km.

Figure 14. Distribution of the size of the Växtkraft fields. Around 80% of the fields
are smaller than the mean size of 10.2 ha.

5.1 General estimations to find base scenario
The importance of matching capacities of linked operations has already been
stressed. To get an idea of how the chopper and transport should be matched in
the Växtkraft-case a general test was made for the chopper and transport
capacities with different distances from the fields to storage. The field input
consisted of 30 identical 10 ha fields with a distance of 1-30 km from storage.
Since the chopper throughput capacity depends on for example the yield in tonne
DM/ha, it can assume to differ in 1st and 2nd harvest. Therefore a throughput
capacity between 12 and 16 tonne DM/h is shown for the chopper. The result can
be viewed in figure 12. The square in the middle of the diagram represents the
dispersion of the distances to storage for the Växtkraft fields.

Assuming the chopper throughput lies between the limits shown in figure 12,
there is reason to believe that the best matching of transport capacity for the
Växtkraft system would be either 2 trucks, 2 trucks with trailers or 3 trucks. If
capacities match, one has greater chances of limiting both the machine costs and
the timeliness costs.
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Figure 12.General transport capacities at different distances.

Next we will compare the costs and time used with different transport systems
when data from the actual Växtkraft fields is used. To make comparisons between
systems a base scenario has been chosen. From the general test above a system of
two trucks with trailers seem to be a reasonable choice for the Växtkraft project.
The base scenario also consists of the actual sizes and distances to storage from
the fields used for the harvest of 2005 in the project.

5.2 Comparison of transport systems
The results concerning costs and time used for harvest with different transport
systems are made with the assumption of two harvests being taken. The parameter
varied here is the transport system, i.e. the number of trucks and whether trailers
are used or not. When the time used for first and second harvest is calculated, no
account has been taken to delays due to bad weather. The time showed in
diagrams is hence the time the harvest operations would take with suitable
weather. Probability for bad weather is included in the calculation of timeliness
costs. They are calculated with the assumption that the first harvest starts June 8th.
The second harvest’s starting date is based on an optimisation that gives the
highest value of the crop with a given system. For the base scenario this date was
August 25th. (The transport systems are denoted with symbols of trucks and trucks
with trailers in the diagrams.)
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Figure 15. Time spent on harvest with each transport system. The left column for
each system represents the first harvest and the right the second harvest. The time
is shown as a sum of the idle and active time for the chopper.

Figure 16. The added costs for first and second harvest for different transport
systems divided into costs for the operations.

As one can see from figures 15 and 16 the quickest system is not necessarily the
cheapest. The timeliness costs are not big enough to compensate for the cost of
having for example three trucks with trailers instead of two with trailers. Figure
16 shows how the cost for idle transport eliminates the savings of having the
chopper active all the time in the system with three trucks with trailers. Transport
systems with very low capacities compared to the chopper’s capacity are very
expensive. This of course has to do with the fact that the chopper has to stand idle
for a long time and yet be paid. The bagger also has to be paid during the time-
period of the harvest although we far from utilise its full capacity when transport
is undersized. Furthermore the timeliness costs are in a magnitude of 10 times
larger for the alternative with one truck compared to the alternative with two
trucks with trailers.
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Figure 17. Distribution of cost for each operation compared to total cost for the
different transport systems.

Figure 17 shows the cost for each operation as a percentage of total cost. In the
less expensive systems (base scenario, three trucks and three trucks with trailers)
the transport cost is the biggest item. This is because you limit the choppers idle
time. In the time consuming systems (one truck with or without trailer) the
chopper’s idle time and the bagging operation is both more costly than the
transport. However, table 2 shows that the capacity of the chopper is at its
maximum for the system with three trucks with trailers. With this system the
chopper has no idle time waiting for transport. But the cost for this system will
still be higher than for the base scenario due to the transport being so expensive.

Table 2. Chopper efficiency and area capacity with different transport systems

Transport system 1 truck 2 trucks 3 trucks
1 tr. with

trailer
2 tr. with
trailers

3 tr. with
trailers

Part productive chopping 1st

harvest (%)
13.0 26.4 38.6 19.5 38.0 47.4

Ha/h, 1st harvest 0.9 1.9 3.0 1.4 3.0 3.8
Part productive chopping
2nd harvest (%)

27.8 40.0 48.5 32.5 46.0 50.5

Ha/h, 2nd harvest 2.8 4.1 5.0 3.3 4.7 5.2

An account of the difference in cost as a percentage of the base scenario is shown
in figure 18. Seemingly you will increase your costs with all the alternatives
compared to the base scenario except if you use an alternative with 3 trucks.
However, the slight saving of less than 3% of the costs is not a very trustworthy
number. The difference may be a result of the deterministic data used in the
calculations.
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Figure 18. The difference in cost for each transport system compared to base
scenario (two trucks with trailers).

5.3 Effect of varying distance to storage
The parameter varied in this run is the distance to storage compared to the base
scenario. The actual distances for the Växtkraft- project has all been either
decreased or increased with a certain percentage. In two cases where the distances
were set to be 50% and 10% of the actual distances, the transport system was also
varied compared to the base scenario of two trucks with trailers (these alternatives
are marked with the symbol of the chosen transport system in figure 19 and 20).
This was done in order to show how closely the costs are connected to the
matching of chopping and transport capacities. Figure 19 shows the part of time
that the transport is active or idle. The sum is the total duration of the harvest.
Figure 20 shows the increase or decrease in cost in percentage due to difference in
distance compared to the base scenario.

The time for harvesting naturally decreases with the decrease in distance. When
the distance is held constant and the transport system is varied (in the case of 50%
and 10% of the base scenario distances) the time remains approximately the same.
This is due to the fact that both transport systems are oversized for most fields so
the limiting factor is instead the chopping.
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Figure 19. Time spent on first/second harvest in parts of transport active or idle.
Left column for each distance represents first harvest and right column the
second. The time is shown as a sum of the idle and active time for the transport.

The costs can be seen to decrease with the decrease in distance (see figure 20).
This is somewhat natural since the harvest can be completed quicker and both the
machine costs and the timeliness costs therefore are smaller. The significant
decrease in cost when changing the transport system from base scenario to 1 truck
for the 10% distance and 2 trucks for the 50% distance is quite striking. Since the
transport isn’t the limiting factor at small distances, having fewer idle vehicles to
pay for is rendering a cut in the costs.

Figure 20. The effects of varying distances to storage on cost as parts of the base
scenario.

5.4 Varying field size and number
To try to see the effect of having larger fields the program was run with a generic
set of data concerning size. The fields were assumed to be half as many, and all
have a size of about double the mean size for the Växtkraft fields. The mean
distance to storage was set to be the same as for the base scenario. The input data
and the results can be viewed in table 3. With fewer and larger fields the cost was
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decreased. However, the amount of fields are still relatively many, and the size
fairly small so the decrease is only around 7 %. Upsizing the transport system
leads to a halving of the timeliness costs due to the much shorter harvests times,
but the total costs are bigger than for the base scenario transport system.

Table 3. Results of having fewer and larger fields.

Base scenario (316 ha,
mean distance 17 km)

Fewer and larger
fields (316 ha, mean

distance 17 km)

Fewer and larger fields
(316 ha, mean distance 17

km)
Transport system 2 trucks with trailers 2 trucks with trailers 3 trucks with trailers
Number of fields 32 16 16
Mean size (ha) 10.2 19.8 19.8
Total cost (€) 94 400 88 200 90500
Part of base scenario (%) 0 - 6.6 -5.1
Time 1st harvest (h) 106 101 78
Time 2nd harvest (h) 67 60.5 57.5
Cost (€/t DM) 40.2 37.6 38.6
Timeliness cost (€) 1750 1560 900
Part of base scenario (%) 0 - 11 - 49.6

5.5 Comparing variations in DM yield
The parameter varied in this run is yield in tonne DM/ha. Compared to the base
scenario the DM yield was set to: -10%, –20%, +10% and +20%.

0

20 000

40 000

60 000

80 000

100 000

120 000

-20% -10% Base scen. + 10% + 20%

Variation in DM yield

T
o

ta
l c

o
st

 (
€)

34

36

38

40

42

44

co
st

/t
o

n
 D

M
 (

€)

cost

per    ton DM

Figure 21. The total costs and the cost per tonne DM as a function of the
percentual difference in yield.

What is difficult to assemble from figure 21 is that the costs are not following the
difference in yield through a linear correlation. A 20% increase in yield renders a
12% increase in the costs. A 20% decrease in the yield renders a 13,5% decrease
in the total cost. However the cost per tonne DM will increase with 8,2 % with
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20% lower yield, while it will decrease with 6,3% with a 20% higher yield. This is
a result of the fact that the chopper has a maximum speed. If the yield is small one
can drive the chopper at maximum speed without reaching its maximum
throughput capacity. The harvest will take shorter time because fewer containers
are needed, but at the same time you won’t harvest as much dry matter. With a
higher yield you are forced to drive slower as to not exceed the maximum
throughput capacity. The harvest will take longer time with a higher yield and
hence render larger costs for machinery and due to timeliness aspects. However,
the price per tonne DM will be lower. Tests were also made with a variation of
transport system according to a varied yield. But even with –20% DM yield a 2-
truck transport system was more expensive to handle due to the resulting idle time
of the chopper. An increase in yield with 20% and in the transport system to 3
trucks with trailers gave almost identical costs to using the base transport system.
The savings in idle time for the chopper were evened out by the larger cost for an
extra truck with trailer.

5.6 Variations in DM content
The influence of the dry matter content on the costs for harvesting is shown below
in table 4. Varying this parameter resulted in very slight changes in costs. A lower
DM content renders a lower material density, which in turn means that a larger
number of containers are needed to get the crop of the field. A higher DM content
gives the opposite situation. More containers take longer time to transport and so
the entire harvest will take longer time. The differences can hence be attributed to
the increased or decreased time used for the harvest in each case.

Table 4. Results of varying the dry matter content.

DM content (%) 25 35  (base scen.) 45

Total cost (€) 96 700 94 400 90 600

Part of base scenario (%) + 2.4 - 4

Time 1st harvest (h) 111 106 99

Time 2nd harvest (h) 68 67 66

Cost (€/t DM) 41.2 40.2 38.6
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A model is naturally a simplification of reality. When attempting to model a
system which is strongly linked to courses of events in nature, the complexity
leads to the need for a great deal of assumptions. The results have to been seen
relative to the reasonableness of the assumptions. Other causes for possible errors
in the results are the sources that have been used. The sources use different
measuring methods and some of them are quite old and may not be up to date with
today’s practices.

When viewing results from computer programs it is also important to recognise
that calculated measurements for different alternatives are a result of the
technique of counting. They have to be viewed relative to each other and the
interesting part is the difference between the alternatives. (Belotti, 1990) The
distinction is especially reliable when it comes to comparing time consumption
with various systems. The costs on the other hand are related to the price situation
in Sweden, and although the cost difference between alternatives is relevant the
results could differ in countries with a lower cost concerning for instance
transport.

The process of harvesting is dependent on great many factors. Many of these are
difficult or impossible to model. The calculated harvesting times and costs can
therefore only be seen as crude estimations. However, by keeping some input
constant and varying others there is a possibility to compare systems relative to
one another.

6.1 Choosing a transport system
When it comes to matching a transport system to the chopper’s capacity there are
three quite similar alternatives for the Växtkraft case: two or three trucks with
trailers or three trucks. The costs for these alternatives are roughly the same. The
area capacity with these systems range from 3-3.8 ha h-1 for the first harvest and
from 4.7-5.2 ha h-1  for the second harvest. To save time and maximise the
efficiency of the chopper three trucks with trailers is the best choice. But from a
perspective of resource usage one would choose to use fewer trucks. To use two
trucks with trailers could also be advantageous because the trucks would be quite
likely to pass each other on larger roads between the field and the storage. With
the use of three trucks they are likely to sometimes meet at small roads. This
could cause delays due to difficulties to pass each other. Trucks with trailers may
not be able to use small and possibly wet roads at all due to their weight. There
could also be problems with getting trailers in position on small fields.

In Eldelind’s (1973) study of handling systems he concludes that it often can be
reasonable to tolerate some idle time for the chopper before inserting extra
vehicles in the transporting chain. From an economic viewpoint this seems to be
true for the system studied here too. Though, the obstructing factors mentioned
above are not included in the model and could in reality mean delays and extra
costs for some systems. It’s also worth noticing that the real capacity of the
transport system may be lower than assumed in this study, since no delays for
trucks due to for example repairs or refuelling is included in the program.
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The total harvest cost ranged from €0.039 – 0.076 (kg DM)-1 depending on the
chosen transport system. For the base scenario, the total harvest cost was
calculated to €0.040 (kg DM)-1 (Table 5). The farmers are paid €0.022 (kg DM)-1.
These values can be seen in relation to the calculated value of the forage with
respect to its methane production capacity varying between €0.15 € and 0.12 (kg
DM)-1 depending on harvest time and first or second harvest. This would leave
€0.06-0.09 (kg DM)-1 to cover other costs like operating the plant, upgrading and
transportation of gas.

6.2 The right timing
The machines used in this study such as the high capacity self-propelled chopper
was chosen aiming at a cost and time effective harvest, which can be reflected in
the relatively low timeliness costs for the base scenario. But when the harvest is
prolonged due to capacity limitations the timeliness costs increase substantially.
For example timeliness costs are increased tenfold when only one truck is used
instead of the base scenario’s two trucks with trailers. In an earlier study
(Gunnarsson et al. 2004) of forage harvest in milk production timeliness costs
were found to be €18/ha forage grown for a farm producing silage on 30 ha using
a mower-conditioner, forage wagon and a wheel loader. That is to compare with a
timeliness cost of €5.5/ha forage for the base scenario in this study. Comparing
these two different systems for forage production indicates that larger enterprises
and effective machinery systems lower the timeliness costs. For the three transport
systems previously discussed as reasonable choices for the harvest in this study
the timeliness cost are small and range from 1-2% of the total costs.

The timeliness costs accounted for in the results are calculated with the
assumption that the harvest starts at the optimal day concerning the value of the
harvest. Delaying the harvest would therefore increase timeliness costs. For
example would a two-week delay of the start date more than double the timeliness
costs for the base scenario. But this cost would still only constitute 4% of the total
cost. This study suggests that when it comes to producing biogas a delay of the
start date for the second harvest is preferable compared to normal harvest dates
for forage used for milk production. One reason for this could be that although the
biogas yield per kg DM decreases when harvest is delayed the increased DM yield
contributes to the total methane production.

6.3 Location is important
When planning for a biogas plant like the one described in this study the location
is important with respect to distances to the fields possible for growing the forage
for the biogas production. As shown here both time and cost decrease with
decreasing transport distance. Adjusting the transport system leads to a further
decrease in costs. At decreasing distances the capacity demand on the transport
system naturally also decreases if the goal is to minimise the time the chopper and
transport are idle. This result is in line with results of Hertwig et al. (1996), saying
that to fully use the capacity of a chopper of a specific size the number of
transport entities has to increase when the transport distance increase.
Nevertheless this study shows that keeping the capacity of chopping and transport
high enough to avoid idle time does not necessarily result in the lowest costs. That
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is since the cost for the extra transport capacity is not outweighed by the lower
timeliness costs due to a shortened harvest.

Figure 18 shows that when having distances as small as 10% of the base scenario
even a transport system with only one truck has to wait idle. Still the costs are cut
by approximately 35% compared to the base scenario. In this case one could
probably make an even better save if you handle the transport with the help of a
tractor. The timeliness costs are overall relatively small but decreases according to
decreasing distance. A 20 % decrease in distance renders around 20% decrease in
timeliness costs.

6.4 Size does matter
The number of fields and their size has an impact on the time and costs for
harvesting including the timeliness costs. Naturally fewer and larger fields take
shorter time to chop. The turnarounds are fewer per hectare and the chopper
spends less time travelling between fields. In reality the costs may well be further
reduced than the test run shows. Larger fields means that there will be fewer half
empty containers when it comes to the total amount of containers to be
transported. The transport vehicles may also have an easier time getting arranged
by the fields. Finally the logistics of having empty containers for the chopper
when it arrives at a field is simplified with fewer fields. Lack of containers at the
right place at the right time can be an important source of a low practical capacity
for the chopper. The results of upsizing the transport system points in the same
direction as mentioned earlier – it is not always profitable to minimise the
choppers idle time, even though it will reduce the timeliness costs substantially. In
relation to total costs they are to small to have a major effect.

Since contracted entrepreneurs are used for all machine operations the use of quite
expensive but effective machines like the self propelled chopper is natural
(Venturi et al. 1998). If an individual farmer is to harvest with the use of his own
equipment, he is more likely to use a chopper with lower capacity pulled by a
tractor. Unless the annual use is very high the fixed costs for having a more
expensive chopper would be very high (Cundiff 1996). Although using a chopper
with lower capacity would in our study result in higher timeliness costs since the
harvest would take longer time.

6.5 DM yield variation and resulting cost variation
Depending on the existing circumstances concerning weather and soil conditions
the DM yield can suppose to vary from year to year. It can also be difficult to
estimate the yield when planning for the coming harvest. Even so, the results
concerning a varying DM yield points to some level of robustness in the handling
system. It seems to be possible to have a difference in DM yield of +/- 20%
without gaining advantages from changing transport system from the base
scenario. Although the results indicate that the total cost will vary with
approximately +/- 10% depending on the DM yield.
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6.6 DM content variation might lead to indirect costs
In this study changed dry matter content proved not to have such a big influence
on total costs or time for the harvest. Attaining the right dry matter content is
probably more important for a well functioning ensiling process. If the material
has a low DM content the bagger’s capacity is decreased (Björkegren, 2004). This
may have an effect on the entire harvesting chain. A too low capacity of the
bagger will form a bottleneck at the inlay of silage, resulting in increased costs.
The DM content can also affect the quality of the ensilage, which can bring about
indirect costs when it comes to it’s influence on the biogas production. If the DM
content is below 35% there will be a growth of harmful bacteria that can spoil the
silage (Trioplast AB, 1995). On the other hand, Muck and Holmes (2001) study of
losses in pressed bag silos suggest that high DM, high porosity silages are more
likely to develop and contain moldy silage. The actual costs of deviating from the
advised DM content level may therefore be higher than can be shown in this
study.

6.6.1 Impact of new DM density data
The DM content influences the DM density. In this study the data for density of
ley crop that has been used for calculations was derived from recent harvest trials
data. The function of DM density for ley crop used in for example Gunnarsson et
al. (2004) is from the year of 1973. To ascertain whether the use of different
densities has effect on the results the program was run with both Jonsson’s and
Vågström’s regression. At a dry matter content of 35% Jonsson’s value for
density is 12% below Vågström’s. With the base scenario as transport system the
costs increased with 6,8 % with the use of Jonsson’s regression. However, this is
not a surprising result. With a lower density you will have to transport more
containers since they can’t carry as much material. If we use a transport system
with a higher capacity, e.g. three trucks with trailers, the cost increase is only 4 %.
The increase is then due to the fact that you have to pay more for three than for
two trucks. The result is an indicator of the importance that the measurement of
density can have on the cost of harvesting. Further studies of ley crop density
would be valuable for estimation of system capacities and dimensioning of the
transport.

6.7 Need for further research
To make somewhat reality-like models one needs to know the correlation between
all parameters. This is an impossible task in most cases. Some important
background data are sure to be missing in the model. To validate the model, data
from the actual harvest would need to be recorded. Time studies of modern
harvest machine operation and capacities would be needed to improve the model.
Many time studies carried out under Swedish conditions are more than 30 years
old and hardly reflect today’s technology. To reduce errors in the model due to
this, data from studies carried out in Germany and Great Britain has been used in
this study. Time data and machine capacities have partly been estimated based on
information from people who have great experience with handling large-scale
modern harvesting in Sweden. Data on methane yield needed to calculate the
timeliness cost is foreign. The model used to calculate the methane yield is
developed from Austrian digestion trials. How well those results can be
implemented on Swedish clover-grass forage is debatable. Optimal would be to
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repeat the trials with forage grown under Swedish conditions. Yet, the results
from this study are usable as a basis for decision-making concerning harvest
system dimensioning if looked upon together with other relevant facts.
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According to the model the best choices of transport system for the Växtkraft
project – from both time and economic perspectives – are either three trucks, or
two or three trucks with trailers. The best choice of the three cannot be made
within this study since it depends on factors such as road conditions, the trucks’
ability to pass each other on smaller roads and space by the fields. The connected
systems’ area capacity with one of these three transport systems can be expected
to be approximately 3 ha h-1  for the first harvest and 5 ha h-1  for the second. With
the present distances it is clear that a downsizing of transport capacity compared
to these three transport systems will create a system bottleneck and lead to
substantially increased costs and lower area capacity for the handling system. It
can be concluded that the matching of chopper and transport capacity is essential
in minimising the time for harvesting and the resulting costs.

The distance from the fields to storage and the dimensioning of the transport
systems are strongly linked. With the chopper throughput capacity held constant
and the distances from fields to storage is varied, the costs decreases with
decreasing distances. This is true for both the total costs and the timeliness costs.
Hertwig et al. (1996) mention that the necessary transport capacity is very
sensitive to things like transport distance and conditions of the roads. At least the
first parameter can be confirmed in this study.

This study shows that the number of fields and their size also has an impact on the
total time and costs for the harvest. Although the increased chopper capacity due
to a halving of the number of fields and a doubling of their mean size, is in this
study not as cost saving as a halving of the distance to storage. The former gave a
cost decrease of 6,8% while the latter gave a cost decrease of between 13-23%
depending on the chosen transport system.

Variation of the DM yield has an effect on the costs, but within the span of a DM
yield variation of +/- 20% no reduction of costs could be detected due to changing
transport capacity from the base scenario. With a higher DM yield the total costs
will increase with up to 12%, but the cost per tonne DM will decrease with up to
6,3%. The corresponding values when the yield is lowered show a slightly larger
saving in percentage from total costs but also a larger cost increase per tonne DM.

The model couldn’t detect reliable differences in cost due to the variation of DM
content between 25, 35 and 45%.

The timeliness of operations seems to be less important when ley is to be used for
biogas production than when it is to be used as cattle feed. The timeliness costs
are overall small within the described system.

To be able to build more realistic models, research in the form of time studies
concerning modern machines and their capacities is desirable. Studies of methane
yield under Swedish conditions would be helpful for modelling ley harvested for
the sake of biogas production. For a genuine validation of the model, data from
the actual harvest of the Växtkraft fields is necessary.
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Field no. Size
(ha)

Yield
data:
tonne
DM/ha
1st

harvest

Yield
data:
tonne
DM/ha 2nd

harvest

Field
shape
factor

Distance
to next
field
(km)

Distance
to
storage
(km)

%
Speed
road

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

10
10
10
14
8
7
10
13
27
20
20
1.5
4
3
1.5
5
7
10
10
10
5
10
20
5
5.5
6.5
3
5
7
10
20
18

4.15
4.20
4.26
4.31
4.38
4.42
4.46
4.51
4.57
4.68
4.76
4.84
4.85
4.87
4.88
4.89
4.92
4.96
5.01
5.06
5.11
5.13
5.17
5.26
5.28
5.31
5.34
5.36
5.38
5.41
5.45
5.54

3.25
3.20
3.15
3.10
3.03
3.00
2.96
2.91
2.85
2.75
2.67
2.60
2.59
2.57
2.55
2.54
2.52
2.48
2.43
2.38
2.33
2.31
2.27
2.18
2.15
2.13
2.10
2.08
2.06
2.03
1.99
1.90

1.05
1.05
1.07
1.07
1.07
0.93
1.07
1.04
1.05
1
1
0.95
1.09
1
1.07
1
1.05
1
1.05
1.07
1.05
1
1
1
1
1
1
1
1.05
1.04
1
1

4.5
0
0
1
0
0
0.5
0
0
0
5
1
0
0
3
0
22
6
2.5
2.5
0
5
2.5
0
0
4
0
1
9
6
25
0

17
18
18
18
18
19
19
12
12
12
12
21
21
21
21
15
15
19
18
18
10
10
16
20
20
20.5
18
18
18.5
10
19
19

70
80
80
80
80
80
80
70
70
67
67
83
83
83
83
75
75
80
80
80
60
60
55
80
80
80
80
80
80
60
60
80


