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Abstract

A comprehensive study of a number of in-forest weadrgy supply chains was undertaken to
collect empirical data on many aspects of bothstaad and operational parameters therein. The
data was then used to develop statistical models)a a number of harvesting systems could be
compared in a simulated environment. The simula@dronment had two factors: the mean
diameter at breast height (dbh) of the stand (@ng, the mean extraction distance (m). The
harvesting systems compared were: cut to lengthLYO¥arvesting, CTL harvesting with
chipping of the pulp assortment, and whole treesdwting with terrain chipping of the whole
trees. Not only were models developed on the prodtycof the machines, but a taper equation,
dbh to total height model, and a set of dbh distidm models were developed to predict the
volumes of the assortments attributable to eachielsing system down to the tree level. The
productivity models then used this data to estinateost of production per hectare for the
harvesting systems. A value per unit volume ofdabgortments was taken from literature, and a
profit analysis performed for each harvesting syst€he simulation results show that whole tree
harvesting and terrain chipping returns the higlpesitive profit for all levels of mean dbh at
short extraction distances, but suffered from thecme interaction in the terrain chipping
system at long extraction distances. The machitezaation between the terrain chipper and the
chips forwarder was analysed using discrete evemtlations. CTL harvesting and chipping of

the pulp assortment returned the highest positigét@t longer extraction distances.
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Chapter 1: Introduction

1.1 General Introduction

Ireland has an emerging forest estate. It is estichthat only 1.5% of Ireland was covered by
forest in the early 1900s. This low density wagsilaited to historical population increases
demanding more agricultural land for food rathemttiorestry (Forest Service, 2008). The most
up-to-date inventory of the Irish forest estatenestes that forest cover is now approximately

10% of the country, 625750 hectares, comprising of:

* 57% state owned forest
* 30% private grant aided forest

* 13% private non grant aided

(Twomey et al., 2007a)

The 30% private grant aided forest is a respongedant initiative that was introduced 1981 to
encourage private landowners to plant their lanefoi this, the vast majority of the forest
estate was publically owned. The grant scheme atmexhcourage farmers to enter the forest
sector to improve their farm incomes (Forest ServkD08). So much so, that Irelands national
forest inventory (Twomey et al., 2007a) predictattprivate ownership “should make up the
majority of the national estate within one decaflehe afforestation programme continues”.
Sitka spruce was the species that had already da@pted as the main commercial crop by the
public forest sector, and this too was the mosntplh species by private landowners. As the
planting initiative has only been in place for th&st 31 years, a large proportion of the forest

estate now comprises of young Sitka spruce plamstiThe national forest inventory (NFI)



estimates that (including both private and publimership) the age structure at present is as per

table 1.1.

Table 1.1: Age structure of Sitka spruce forest car in Ireland (private and public owned)

Age class 1000 ha %
1-10 112.14 34.2
11-20 120.9 36.9
21-30 38.68 11.8
31-40 40.93 12.5
41-50 14.15 4.3
51+ 1.02 0.3
Total 327.82 100.00

(Twomey et al., 2007a)

The age structure shows that 71% of the Sitka gpiruthe country is less than 20 years of age,

and that this represents 37% of the total forastes

Therefore, there is a large proportion of the foestate that is either af'thinning age, or
nearing ' thinning age. Thinning will add value to the fineop by allowing the stand to
develop fewer, but better quality and larger stah<learfell age, without reducing overall
timber production (Hibberd, 1991). Th& thinning operation is a silvicultural managemeut t
and the long term benefits can outweigh the céatssell and Mortimer (2005) used discounted
revenue to evaluate the benefits of thinning aétapnesent value. They describe how for yield
class 22 Sitka spruce, the landowner can actupléng €2170 per hectare first thinning a
plantation without losing any overall investmenhis shows how powerful thinning can be in
adding value to the crop. However, the return as itivestment will only be recoupable at the
end of the rotation. As tree size is small at filshning age, the costs may be greater than the
immediate revenue from timber sales. For privateldavners, who have received planting grants
for the establishment of their forests, an immediagative cash flow may preverit thinning

operations from taking place, that is, until trezes are large enough for a positive cash flow.



There will be an increased demand for forest bdsechass over the next few years. The
demand will come from lIreland’s requirements to miéee European Parliament Directive
2009/28/EC by the year 2020. This directive tardreimand with a 16% use of renewable energy
by 2020 (European Commission, 2009). The COFORDdwmood demand group estimates that
this will put a demand of forest based biomass,@88000 m in 2020 (the group assumed an

energy value for wood of 6.9 GJ Pn{COFORD Roundwood Demand Group, 2011).

Phillips (2011) published a roundwood productioreéast for Ireland until 2028. The forecast
also included predictions on the volume of wooddilbhat will be available for the energy
market. Interestingly, this biomass for energy ¢ast also includes the stem volume from 7 cm
to the tip, which has traditionally been non merthble. The harvesting of this material would
require a new integrated harvesting method whichuisently not employed in Ireland. The
forecast predicts that (including sawmill residumsd post consumer recycled wood) 1,453,000

m® will available for the bioenergy market in 202GilRps, 2011).

This is an unprecedented condition for the foresta in Ireland. A new resource is emerging in
the form of the young grant aided private plantsicestablished over the past 30 years.
Silviculturally, these plantations need to be tleidnBy 2020, the demand for wood energy will
be far above supply. The forecasts of the availableme also assume that the thinning of all
the plantations that are due to be thinned willuoan time. This will require planning and the

development of wood supply chains, in particulapmy chains with integrated energy products.
If ever, now is an opportunity to introduce new hoets of harvesting small diameter trees for

wood energy to support the silvicultural needsredf hew forest resource, and to supply this



biomass demand. However, as much of this resoaricethe private sector, a positive cash flow
will be needed from the operation for private lawders to engage in this silvicultural operation.
The estimates of supply published by Phillips (20dhly uses wood fibre from existing

roundwood harvesting and sawmill residues. Howewgh whole tree harvesting there is the

possibility to recover more biomass than is forecas

The research question investigated in this dissentés
Under what conditions, if any, is a whole tree harvesting and terrain chipping system more
favorable than a cut to length (CTL) system, from a profit perspective, as a method for first

thinning Stka spruce plantationsin Ireland?

This will be accomplished by evaluating parameséfscting three methods of first thinning:

e CTL harvesting for sale of all roundwood products
« CTL harvesting for sale of sawlog and pallet praguand chipping of pulp products for sale to
the energy market

* Whole tree harvesting and terrain chipping of whades for sale to the energy market

Importantly, the study will evaluate the immediatash flow of operations and attempt to
describe the conditions under which the value efggloducts produced will cover costs. A cost
only analysis is not appropriate for comparing lilaevesting systems, as the products produced
are inherently different, and the volumes that barproduced. A cost only analysis may only
prove that the system which does less, costsFessexample: If two harvesting systems (A and
B) are compared where system A has a cost of €8Dand system B has a cost of €353 m

system A may be assumed the more favorable. Howeststem B recovers 50% more volume



per hectare, the value recovered is much highdraBo, if products produced by system A have

a much higher value per’rthan system B, system A may still be more favarabl

This dissertation was written using the empiricaadcollected during the Forest Energy 2007-
2008 programme. The forest energy programme wasageahby Tom Kent of Waterford
Institute of Technology, and Pieter D. Kofman o thanish Forestry Extension. The objective
of the forest energy programme was to characténsgroduction of woodchip as an alternative
use for the low value material from lIrish Sitkagge first thinnings. Fundamentally, the driver
behind the programme was the dissemination of mdébion for the stimulation of a new market
for first thinnings (including demonstration dayisharvesting equipment), and thus encouraging
good forest practice. The programme findings hagenbpublished by COFORD &3ost-
effective woodfuel supply chains in Irish forestry (Kent et al.,, 2011). The programme was
preceded by the Forest Energy 2006 programme, ralmaged by Tom Kent of Waterford
Institute of Technology, and Pieter D. Kofman oé tbanish Forestry Extension. These two
research projects are the first comprehensive estudli wood energy supply chains in Ireland.
Included in projects were studies of a Danish wh@e chipping system which had never before
been used in Ireland. Therefore, this dissertatidhe state of the art knowledge of wood energy

supply chain systems in Ireland.

During the Forest Energy 2007-2008 program, a nurobelifferent harvesting systems were

trialled on five sites in Ireland, and data wadexikd on their performance. The empirical data
was in part collected by the author, along witHegg#us as part of a research team. The aim of
the presented dissertation is to add value to #te by making direct comparisons between the

harvesting systems trialled. A huge amount of dats collected during the study, but,



unfortunately, little statistical design was apglia the trials, not all systems were trialled on
every site, nuisance factors were not measured hwhauld impact on the systems, and

fundamentally, the harvesting systems did not perfihe same silvicultural operation.

The Forest Energy programme data can thereforeep@raded as a number of separate case
studies, with results that cannot be directly corable to each other. The author of this
dissertation overcame this problem by modularighmg harvesting systems into their separate
elements. By analysing the elements separatelyelmambuld be developed to describe each
element. The harvesting systems could then be cadpa a simulated environment. Therefore,
what follows is an ad-hoc modelling solution to experimental design problem. All analysis

and modelling of the data was completed solelyheyauthor.

To accomplish the cash flow analysis, not only dadpctivity models of the machines used in
the harvesting systems need to be developed, aitaaset of models to predict the harvestable
volume. These volume models also need to be abldetzribe the multiple assortments
attributable to each harvesting method, and thamelproduced. The productivity models can
then be developed to use harvested volume parasregteheir inputs, and thereby associate the
costs, and the revenue, appropriately. This evedutite harvesting operation on a per hectare
basis, meaning that the driving factor behind theration is not the volume produced, it is the
silvicultural thinning. Trees which have a very losv no merchantable volume, still have to be
removed from the forest, and this has a cost. Théysmodels operations at the tree level to

account for this.

There are two factors for the condition of the daited environment:

* Tree size (characterised by mean dbh: 10cm to 20cm)



« Extraction distance (mean extraction distance: 1G0&000m)

The dissertation is divided into 9 main chaptersluding this introduction and a conclusion

chapter. An overview of the chapters now follows:

» Chapter 2:
A taper equation and a dbh to total height equatiendeveloped for Sitka spruce first
thinning trees. The models have the ability to mtethe roundwood volumes of any
specified assortments of a tree once the dbh diréleeis known. Along with their use in
this dissertation, the models are also very relevarpre-sales measurement for first
thinnings in Ireland, and potentially have an agadion as a utility for forest managers

over the coming years. This chapter accepted fbligation in the journalrish Forestry.

» Chapter 3:
In this dissertation, the simulation environmenli wveéquire dbh distributions to use with
the taper and dbh to total height models. The dbtilbutions of stands as described by
the British Forestry Commission describe the manopc before thinning. The
distributions are described by the mean dbh an@taok Weibull functions. In this
chapter, transition functions were developed tongeathe before thinning dbh
distribution into a thinning distribution (treesmieved) that is representative of the
thinning experienced in the harvesting trials. Tributions were then used with the
taper model and dbh to total height model to dbectine volumes harvestable from the

thinning methods.



Chapter 4:

The cut to length harvesting and forwarding operatiare analysed. A machine rate cost
for the harvester and forwarder is calculated. Tamdels are developed. The first is a
model that predicts the cycle time of the harvesten the harvested volume of the tree.
The second is a model that predicts the cycle tihé¢he forwarder from the mean
extraction distance, the mean log size, and the $aze. Both these models are then used
with the data developed in chapters 2 and 3 tones#i the machine productivities under

the simulation environment conditions.

Chapter 5:

The chipping of cut to length logs at the foresadside is analysed .Two chippers are
studied. A machine rate cost is calculated for eaabhine. A model for each chipper is
developed that uses mean log size to predict theustivity (m/hour) of the chippers.
These models are then used with the data developetbhpters 2 and 3 to estimate the

machine productivities under the simulation envinent conditions.

Chapter 6:

Whole tree harvesting using both motor manual afldrfbuncher machines is analysed,
and a machine rate cost calculated. A terrain @rignd chips forwarder are also
analysed, a machine rate cost calculated, and satieloped for to describe their
productivity. The terrain chipper model predicte ttycle time of the machine from the
mean tree volume being chipped in a load. The dupsgarder model predicts its cycle

time from the average extraction distance.



Chapter 7:
A discrete event model is developed to evaluatdadtrain chipping system productivity

in the simulation environment.

Chapter 8:
Monetary values are assigned to the assortmentgiped by each thinning system. The
values are based on prices as reported by TeagasSEBAI. A cash flow analysis is

presented by using the data from the previous enspt

Chapter 9:
This chapter restates the results found in theystidéntifies some practical implications

of the information, and makes recommendationsuturé research.



1.2 Literature Review

The majority of the work in this dissertation isadin from the following four topical areas:
modelling and simulation, machine rate calculatiomchine productivity evaluation, wood

product characterisation.

1.2.1 Modelling and simulation

A model is an abstract representation of a realdvsystem. Importantly, this representation
must be a simplification of the real system. If adal were to be as complex as the system, it
would actually have to be the real world systend, smfor a model to be useful, a trade off must
be made between the complexity of a model, anadtairacy. The function of a model is to
describe the change of a system state due to changmrameters of the system. The model
should be simple to use, but realistic in its agpnation of the real system (Anu, 1997).
Models can take on a number of forms, from cona@phodels to mathematical models (Botkin,
1993). In quantitative scientific research, patady when simulation is required, models are
usually mathematical statistical models (Beckertlet 2001). Statistical models describe the

relationship of variables using mathematic fundi@cCullagh, 2002).

A simulation is the operation of a model to repnésbe operation of the real world system.
Basically, it is the running of a model to evaluéseoutputs for a set of inputs. The input values
to a model in a simulation are user defined, bustnne restricted to approximations of the real
world system in order to avoidrabbish in: rubbish out scenario. This is where the inputs are set
to a combination of values which would not be eigered in the real world, and therefore the

model cannot approximate a meaningful output. Tagriction also goes further; models are
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developed using empirical data, but the data caltemay not encompass all input values which
can exist in the real system. Therefore, limitagiomust be defined as to the range of input values

which can be used (Anu, 1997).

Simulation can be classified into two main grougsterministic and stochastic. The difference
between these two groups is that stochastic magsdsan element of randomness, whereas
deterministic models do not. This means that feetof input variable values, a deterministic
model will always return the same output valuesgmghs a stochastic model will return different
output values each time the model is run. The randtements of a stochastic model follow
probability distributions that reflect their occemnce in the real world (Pidd, 1989). The
identification and application of these distribatois a discipline in itself. Luckily there are
software programmes that can be used to fit digiobs to data, such as Statfit and Minitab.
Each time a stochastic model is run, values areergéed randomly from their probability
distributions to use in the functions of the moddie benefit of this is that if the model is run a
large number of times, a data set of possible omsois generated which can be analysed,
giving a better approximation of the real worldteys. This is known as Monte Carlo simulation
(Hamby, 1994). Computer software programmes ard ts@utomate the repeated iterations to
speed up the process. In this manner, a stochastiel is not solved like a deterministic model,

it is run many times to create a history of theeysand how it operates (Pidd, 1989).

When the system being modelled is complex, in émse that the system comprises of a number
of individual elements, the independence or inteetielence of the elements dictate how the
system should be modelled. In the case where traegits in the system are independent, the
elements can be statistically modelled separately, the results used together in a functional

form (Murphy et al., 2010). For instance, a hargeand a forwarder operate independently in a
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CTL harvesting system. If a model was required stneate the cost of production for this
system, a separate model for each machine coultsé@ to asses their productivity. Using a
deterministic model for each machine would be slétaAn hourly cost of each machine could
be applied to the results to estimate the costpleic metre for each machine. The total cost per
cubic metre for the CTL systems could then be ed8oh simply from the sum of the costs of
each machine (Whiteman, 1999). In the case wheee dlements in the system are
interdependent, the modelling may require a dynapmroach. This may be the case in a more
complex system, such as a hot deck extraction anckpsing of timber at the forest roadside,
where machines directly interact with each othgmdmic modelling is when the model projects
over time. In this case, stochastic models canubethat are controlled by logical arguments
linked to a dynamic (time) element. This is knows discrete event modelling (Banks and

Carson, 1984).

Mendoza and Vanclay (2008) describe how models uséatestry can be categorised into four
main areas: “forest management planning and decisiaking, forest dynamics and growth
projection, forest landscape and spatial models garticipatory forest management models*”.
This dissertation fits into the category of foraginagement planning and decision making, in

particular, volume estimation and harvesting openat

Models can be built for general industry decisiapmort, or may be specifically built for

research analysis. For example, the South Africarvésting and Transport Cost Model (Hogg
et al., 2008) is a deterministic model for genenalustry use. The model predicts the total
harvesting and transport costs of logging operatifstom user defined inputs. The model is
written in JAVA computer language, and has a stgpstep user interface. The model uses

standard machine rate costing techniques to caécutzst per productive machine hour, and all
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cost inputs (such as purchase price, fuel cost) ate user defined. Whereas a discrete event
model was developed by Talbot and Suadicani (2G05gnalyse in-forest chipping and

extraction systems. This model was written in theSSstatistical package, and was used to
experiment with the systems through simulation.e8earch paper was published detailing the

performance of the systems under different conuaktio

Other models have been produced, such as the ol for forest machine operation in wood
cutting and extraction by Lan (2001). This modehisleterministic model based on standard
machine rate costing techniques and productivitydiss. The model has a user interface
programmed for Microsoft Windows. Finke (1984) dlstthe SPRINT model, a model that was
used at over half a dozen Weyerhaeuser pulp ntilksvee of publication. The model was a
stochastic Monte Carlo simulation model that wasduss a management tool to predict the level
of wood chip inventory. As suggested by Finke (1984e ability of the model to give a
distribution of outputs rather than a point estenateant that the probability of running out of
stock, or over stocking woodchip could be calcuatnd therefore enabled the management to

reduce stockpiles of woodchip significantly.

This dissertation uses a number of different maagltechniques to describe the different
elements of the supply chains studied. Literatwbliphed on the modelling approaches and

analysis used is presented and discussed in tipechavhere applicable.
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1.2.2 Machine Rate Calculation

Machine rate costing is the estimation of the gastunit time of a machine, taking into account
both fixed and operational costs. Lan (2001) dessrithis as the calculation of the costs
involved in running the machine over its life tim€he fixed costs are those which are
independent of actual working time, and the vadabbsts are those which are directly
associated with running the machine. Brindeal. (2002) discuss that, because this method is an
average cost, the actual fixed costs will be gresdely on in the machines life, and less towards
the end of its life. The opposite is true for thariable operating costs as efficiency of the
machine is probable to decrease, as fuel/lubricatonsumption per unit production may

increase.

The economic life of the machine and its salvageievanust be specified before the annual
depreciation can be estimated. The economic lif@ wlachine is its life expectancy. The typical
lifespan of harvesting machines is in the regiod &b 5 years (Brinker et al., 2002). Burgess and
Cubbage (1989) describe the salvage value as $idtued value of an operating machine at the
end of its life. In real terms, it is the valuettimexpected to resell or trade for at the endsof
life. According to Edwards (2002) the salvage vabfie@ machine may change dramatically as
new technology is introduced, or a major designngkain a machine type may make older
machines obsolete. This will have the effect ofstagia sharp decline in the remaining value. In
general terms, the factors of age and usage hoearssaially the most determining factors in
salvage value estimation. Brinketral. (2002) suggests that because forest machindsgrky
maintained, a straight line depreciation methodukhde used. Because of the high level of

maintenance, yearly productivity of forest machirgefairly constant, resulting in uniformity of
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machine productivity. The machine rates publishgdBhnker et al. (2002) used a salvage of

20% of the purchase price for ease of calculatfatepreciation, and salvage value estimation.

Pflueger (2005) describes how investment in maciinequires capital, and therefore a capital
cost, whether or not money is actually borrowectiochase the machinery. If the money is
borrowed, the interest cost must be great enougtover the interest paid on the loan. If the
money is not borrowed, an opportunity cost musajglied. According to Edwards (2002), the
rate of interest to charge for an opportunity cadt depend on the other options for that
investment. At minimum, this rate should be eqodahe investment rates of the banking system.
Higher rates maybe applicable if other investmergantunities are available, however the risk

involved in those investment opportunities is thisnally higher.

Whiteman (1999) calculates an annual insurance ftost a percentage of current machine
value. This allows for annual insurance cost reédaabver time as the machine depreciates. This
indicates a need for current machine value to b@ut in machine cost modelling. If however,
the costing is to be calculated for a system arslyger a number of operations, then the mean

annual insurance cost may be required.

In machine rate costing analysis, fuel costs camepeesented a number of ways, pet per
productive hour, per hectare or, for transportati@hicles, per km. For forest harvesting,
productive rates will depend on mean tree size,thedkfore a fuel consumption rate per hectare
is not preferred. The fuel consumption rate forachine is mainly a function of the machine’s
horsepower rating: however, transmission type, mm&ctype, and machine use also influence
fuel consumption. Fuel consumption rates can beiodd from dealer specifications. However,

historical records are probably a better sourcéhasestimated data from the dealers could be
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biased towards a better performance. Lubricatiowgi(e oil, hydraulic oil and other lubricants)
cost is usually determined as a percentage of dasls since horsepower, transmission type,
machine type, and machine use also determine tloeirgnof lubrication used (Brinker et al.,

2002).

Brinker et al. (2002) calculates repair and maintenance costa geercentage of annual
depreciation. This gives a mean cost over thedffé¢he machine. However, Edwards (2002)
describes how repair costs are lower in the e#@dyof a machine, and increase as the machine
accumulates hours of use. Edwards uses a percemfagew list price determined by

accumulated hours use.

Consumable replacement parts (e.g. tyres, chaengice parts) are not calculated in the same
manner as repair and maintenance parts. The UStF8egvice machine rate calculator (Bilek,
2007) deducts the cost of the consumable partgpetipvith the machine from the purchase
price, and treats them as consumable operatiorsdlasothey have a shorter life span then the
machine. The individual consumable item cost is1thalculated per hour from their cost and

expected life.

Hogg et al. (2008) describes how the cost of a laborer iresuthasic salary, social/fringe
benefits, overtime, travel and subsistence etis tbtal cost of employment of a worker to the
organization. Items and consumables such as PHefSdnnel Protective Equipment) are treated
in the same way as machine consumable replaceraeist pnd are not directly associated with

labour cost, even though they may be worker sgecifi
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1.2.3 Machine Productivity Evaluation

Stampfer and Steinmuller (2001) describe how prodtg models for harvesting equipment
contain three basic components: tree processimgiotion, and delays. Chipping operations
also follow the same logic, as Spinelli and Harggo(2001) also outline 3 similar components:
Chip time, repositioning and delays, but includesther component titled “other”. The “other”
component regarded in this case as productive sledagh as repositioning or bunching of
material for chipping. Forwarder productivity congms of driving empty, loading, driving
loaded, other productive and delay (Nurminen ¢t28l06). Importantly the delay component in
all respects is a ratio of non productive timedtalt scheduled work time given from existing
historical data, and that to generate a produgtivibdel it is only necessary to capture the data
from the work time components. Spinelli and Visé2009) make the point that there is “an
inherent difficulty in obtaining representative gdes of a typically erratic phenomenon from a

relatively short observation periods.”

Spinelli and Visser (2008) conducted studies torede appropriate delay factors for harvesting
machines over a range of harvesting systems, alulated a delay factor of 0.337 for

harvesting machines using a standard cut to lesggtem. It was also found that delay factors
had increased as time study duration increased nvariation of 27% occurred between studies
of less than 10 hours and more than 50 hours. vittiation information is presented anecdotally
as the sample population encompassed a range \a@stiag systems, and more study on single

systems would be required to test the hypothesis.

Utilization percentages are often preferred ovédayléactors when presenting data, for ease of

cost analysis, and are directly related. This Wéeiamplicates heavily on the costing analysis of
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harvesting/chipping operations. Brinkaral (2002) published utilization rates for 104 differen
forest machines based on research from previarstitre. The rates given do not differ between
make and model of machine, only machine typeaitgpical utilisation factor has been used per

machine type. The figures are synopsised in talde 1

Table 1.2: Utilisation rates for forest machine tygs

Machine Type Utilisation %
Feller Buncher 65%
Harvester 80%
Skidder 60%

Clambunk Skidder 65%

Forwarder 80%
Loader 65%
Delimber 65%

(Brinker et al., 2002)

Spinelli and Visser (2009) studied chipper operstim Italy, and have published the utilisation

percentages in the table 1.3:

Table 1.3: Utilisation rates for chipper types

Machine Type Utilisation %
Roadside Chipper 74%
Terrain Chipper 75%

(Spinelli and Visser, 2009)
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1.2.4 Wood product characterisation

For wood energy products, information on the volush@vood produced is not sufficient. The
energy content of the wood must also be estimdtee .calorific content of Scandinavian conifer

wood chips is given by Serup and Kofman (2005) as:

NCV = 19.2 — (0.2164 X moisture content% of total weight)

Where:NCV = Net calorific value in GJ per tonne

Moisture content is required in the net calorif@lue calculation, and is defined as the water
content expressed as a percentage of the totahtvefgthe wood. The oven dry method for
determination of moisture content is the most comigmeceferred method in literature and is well
established in industry and research (Purser et1889). Although it requires no specialised
equipment, it is slow. An electrical method forefetining moisture content of wood uses hand
held electrical devices which give a digital readofithe moisture content. Electrical moisture
metres are commonly used in the panel board ingdastrthe moisture levels experienced are

much lower i.e. after kiln drying. Studies by Jar{le388) found that:

“As the moisture content decreases from fibre s#éitum (about 30%, based on dry weight of
wood) to the oven dry condition, the conductanageteses by a factor of over 10 million. In this
range of moisture content, a roughly linear relalop exists between the logarithm of
conductance and the logarithm of moisture cont&himoisture levels beyond fibre saturation

the electrical conductance correlates very poortl moisture content”.
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Also, all electrical devices must be calibratednf a known true value, and these calibrations
would have to encompass a non electrical methedetbre the calibration is only as good as the

oven dry method (Simpson and TenWolde, 1999).

Basic Density is defined as the oven dry weighatre¢ to the green volume, expressed as kg/
m>. It is the amount wood material less the moispnesent per unit volume (Thygesen, 1994).
The cellular structure of wood determines its basasity. The cell walls of wood have a
density of about 1520kg/ inThe porosity of wood, largely lumen space in ¢e#s, decreases
the basic density depending on the species celitacture. Interestingly, there is no standard
method for determining basic density (Bowyer et2007). Tobin and Nieuwenhuis (2007) used
a submersion technique for volume measurementaanoven dry method to measure the dry
mass. Treacyt al. (2000) used an x-ray technique which measuresatheunt of x-ray light
passing through samples of wood, converting thesorements to density. Thygesen (1994)
used near infrared reflectance (NIR) and transngaspectrometry to determine basic density.
From their study, Tobin and Nieuwenhuis (2007) tiekee basic density of Irish grown Sitka

spruce in the table 1.4:

Table 1.4: Basic Density of Irish grown Sitka sprue according to age
Margin of Error (95 %

Age  Basic Density (kg/f) confidence)
9 475 17.1

14 412.8 53.5
14 375.3 43.33
28 389.3 40.85
30 378.5 57.2
46 365.2 19.25

(Tobin and Nieuwenhuis, 2007)
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The data suggests that basic density decreaseag@thiThe confidence intervals suggest that the
variability of basic density can be large. Treatyl. (2000) found that when comparing basic
density of different provenances of Irish grownk&itspruce, the variability of basic density

within a provenance was greater than the differdrateeen the provenances.

Literature published on the data collection, analygand modeling methods used in this

dissertation is presented in the relevant sections.
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Chapter 2: A taper model and a diameter at breast géight to total height model to predict
user defined roundwood assortments

2.1 Introduction

Standard forest mensuration practices estimatedisigitree volume to merchantable timber
height. Merchantable timber height is where thendt#pers below 7 cm diameter (Matthews and
Mackie, 2006). The actual volume as cut by a hdinggsnachine will differ from this estimate

in two ways. The volume will be less when cuttingatspecified length, as only full log lengths
can be processed. For example, a stem of 4.5 mhargable volume height will only produce

one 3 m length log, the other 1.5 m will be losteTvolume will be greater than the estimate
when using a full stem assortment, as the full stesludes the material above the height where
the stems taper below 7 cm diameter (Keogh, 198vpitka spruce first thinning, an average of
26% additional biomass was recovered in energywaagesting, where the whole stem was
processed into variable lengths, compared to hangestandard roundwood assortments (Kent

etal., 2011).

Research into the taper of forest trees is docuedeas far back as 1913 (Stoehr, 1955), but
perhaps some of the earliest functions construtdegrediction purposes are from work in

British Colombia (Newnham, 1958). By 1969, it waslwecognised that a total volume per

hectare estimate was no longer sufficient for hstrganning. It was necessary to be able to
estimate the volume of specific log sizes and #®onumber of logs that could be produced
from a growing forest. At first, it was thought thedditional upper stem measurements would
need to be taken during inventory fieldwork. Howe\adter the development and testing of a

number of taper equations, it was proven that tbdeting of the stem could produce accurate
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results without the need for upper stem measurean@udzaket al.,, 1969). Since then taper
functions have been used across the globe forginegliupper stem diameters and log volumes.
They are frequently used in inventory and growthdelling projection systems due to their
flexibility and ability to estimate multi productolumes (Trincado and Burkhart, 2006). Most
recently, Fonwebast al. (2011) developed taper equations for Scots pirtke Sitka spruce in
Northern Britain. In Ireland Nieuwenhues al. (2005) used a taper equation as part of a value

maximisation decision support tool in the sawmitighuction chain.

Taper is defined as, “the rate of narrowing in dééen with relation to increase in height of a
given “shape” (Gray, 1956). In forestry the treahis referred to as the form. Different taper
equations use different forms to describe the siBme. form of trees is generally regarded as
comprising of a number of shapes: the lower secateer the butt being a frustum of a neiloid,
the middle section being a frustum of a parabolaid] the top section being a paraboloid (Avery
and Burkhart, 1983). Many of the more complex tap@dels use a number of polynomial

functions joined together to recreate the stem fofrmcado and Burkhart, 2006). Some models
will fit different trees species and conditionstbethan others, so it is beneficial to test a nemb

of models with the data to find the best fit, as YP&alters and Hann (1986). According to Kozak
(2004), taper equations are superior to volume teang as volume equations only estimate total
or merchantable volume, whereas taper equationgder@stimates of: “i) diameter at any point
along the stem, ii) total stem volume, iii) merctadnbe volume to any top diameter, iv)

merchantable height to any top diameter, v) indigldvolumes for logs of any length at any

height from the ground)”

The aim of this study was to develop a set of moddlich can be used as a tool to predict stem

volumes in Sitka Spruce first thinning trees. Tho®l may be of benefit to private forest
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managers in the planning phase of thinning operatidhe tool has the potential to assist the
manager in optimizing the value of thinnings througarket selection of the timber before

harvesting. The tool can be used to simulate timeelsavolume from user specified assortment
dimensions. Harvesting methods could then be ssldtiat best match the optimal return from

the forest. The tool was developed in two distpants; a taper model and a dbh to height model.

2.2 Materials and methods

2.2.1 Data collection

The data was collected on five sites; three sitethe West of Ireland, one in the midlands and
one in the South. The ages of the stands variedeeet 13 and 20 years, and were even aged
Sitka spruce monocultures, except for one site whed an intimate mixture of Japanese larch.
The Japanese larch was not used in this studydkr ¢o validate the model, site 5 was chosen at
random as the validation site. The models wereetbex developed with the data from sites 1-4.
In total, 429 sample trees were felled and measuBaimpling occurred in lines where
approximately 30 trees were selected per line. [ifi@s were picked randomly throughout each
site. Table 2.1 details the site descriptions &ediumber of sample trees taken on each site. The
sample trees were felled by chainsaw and measoretthl height and dbh. Total height was
measured with a loggers tape to the nearest caméimend the diameter at breast height
measured to the nearest rounded down centimetng astallipers. The stem was marked at one
metre intervals from the base to the tip and thé-dmameter point of each interval recorded to

the nearest rounded down centimetre.
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Table 2.1: Site Characteristics

Site Number Site Location Site Area  Age Stocking Mean Dbh Top Height Yield Class No. of Sample trees
ha years stems ha™ cm m m® ha yr'1
1 Abbyfeale, Co. Limerick 9.8 20 2191 17 13.5 22 90
2 Ballybofey, Co. Donegal 21 13 2455 14 11.2 24 75
3 Bweeng, Co. Cork 10 17 2251 13 111 23 88
4 Toormakeady, Co. Sligo 14 16 2624 13 10.9 24 90
5 Woodberry, Co. Galway 26.6 17 2199 15 12.3 24 90

2.2.2 Fitting non linear regressions

The process of fitting non-linear equations in otpeblications has largely been done with the
SAS NLIN or PROC NLIN procedure: a macro designed the SAS statistical software
package (Petersson, 1999, Sanchez et al., 200@dielgn et al., 1999, Sharma and Zhang,
2004, Jiang et al., 2005, Ounekham, 2009, Dieguanda et al., 2006, Huang and Price, 2000,
Schroder and Alvarez Gonzalez, 2001, Lei et alD92Fang and Bailey, 1998, Fonweban et al.,
2011, Zhou et al., 2007). In this study the MINITAB statistical package was used as it also
has the ability to perform non linear regressiokénitab, 2010). Non linear regression is an
iterative procedure, meaning that the computer namogadjusts the model numerous times in
order to find the best fit (Netet al., 1996). In order to do this, the program must reggarting
value for each parameter. From these starting salile model is adjusted until the best fit is
found. These values need to be sufficiently clasevihat the final estimates will be. (Keogh,
1987). There is no formal procedure for assignitegting values, they are usually set by a
researchers own experience, or taken from litegasgr has been done in this study (Motulsky

and Ransnas, 1987).
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2.2.3 Taper equations

Three equations were tested for their suitabildy fhodelling the taper of Sitka spruce farm

forestry first thinnings in Ireland. Table 2.2 digtdhe taper models tested in this study.

Table 2.2 Taper Models

Model Model Reference

Number

1 d = [, dbhPex 1B+ +8s (40,00 4Bs () (Kozzk, 2004,
Fonweban et
al., 2011)

2 d= ﬁldbhﬁz (1- Z)B3z2+/34+z+/35 (Lee et al,
2003)

3 d 2 h 2—(Ba+B3x+PBsx?) ht—h (Sharma  and

(dbh) =h (hdbh) (ht - hdbh) Zhang, 2004)
Where: d = predicted diameter (cm), x = i:—\/\/; p = point of inflection = ;—:,

ht = total tree height (m), h = height along the stem at predicted diameter (m), z = % = relative height of predicted diameter,

dbh = diameter at breast height (¢cm), hy,, = breast height (m),
Bito Bs are the parameters to be estimated from the regression analysis

2.2.4 Dbh to total height equations

Four equation forms were trialled for their suitdpi Table 2.3 details the equations trialled in
the study. Model 7, The Chapman Richards modetjtad by Kershawet al. (2008), does not
use any stand variables as an input, unlike thersttvhich use top height, or quadratic mean
dbh. However, Twomesgt al. (2007b) in the Irish National Forest Inventory (NFit this model

to nationwide Sitka Spruce data taken from plot®uphout Ireland, and referred to it as a

global model. Twomeyet al. then improved the predictive capabilities of thedsl by localising
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it to the plot level using sample height tree measients. This was accomplished by fixifig
andp;, and running another non linear regression tanedé ;. In this study the model was
fitted in the same way: the model was parametensaty the data from sites 1 to 4, and during
validation a sample height and the dbh of the sarhplght tree was used to localise the model.
It must also be noted that the NFI lockgdto a value of 0.7 in 84% of the cases in which the

Chapman Richards model was used during their sartythis was also trialled in this study.

Table 2.3: Dbh to total height models

Model Model Reference
Number
4 h =13+ (B, + B,Hy — BsDg)eP+/dbh ko,
’ h=13+p,doh s

(Kershaw Jr

1
h =13+ B, (1 — e Pdbh)Bs

etal., 2008)

Where: h = total height of the tree, H, = stand top height, D, = Quadratic mean diameter at breast height of the stand, dbh =
diameter at breast height of the tree

Bito B, are the parameters to be estimated from the regression analysis

2.2.5 Model evaluation and validation

The models were evaluated for their ability tadithe data sets by assessing the RVRi6téd
Mean Sguare Error) from the output of the regression analysis, asHmbewan (2011). As
recommended in the publicatioBtandards for evaluating taper estimating systems, by Kozak
and Smith (1993), the models were evaluated far girediction abilities and were compared to

the independent validation data sets for bias tarttlard error estimate.

Average bias was defined as:
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L (-1
n

Mean Bias =

WhereY; = actual observatior¥, = predicted value of the actual observation, ardnumber of

observations.

The standard error estimate is given as

?:1 (le _?1)2
n—k

Standard Error Estimate = \/

WhereY; = actual observatiort, = predicted value of the actual observation, number of

observations, ankl = number of estimated parameters (Jiang et &5)0
2.3 Results and discussion

2.3.1 Taper model

Table 2.4 details the parameter estimates for éaoér model trialled in the study, and the
associated 95% confidence interval for each estintdte Rooted Mean Square Error (RMSE) is
also displayed for each of the regressions. Modetd 2 both gave similar RMSEs, while
model 3 has a value which is much lower. It mushbied that the actual output of model 3 is a
squared relative diameter (as opposed to an adiamleter in centimetres), and therefore cannot
be directly compared to the other two models. Ktzakodel was fitted to Sitka spruce in the

UK with a RMSE of 0.983 cm, similar to the 1.001onthis study (Fonwebaet al., 2011).
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Model

Table 2.4: Dbh to total height models

Parameter Estimate (with 95% Confidence Intervals)

RMSE

B1

1.14369(1.10540, 1.18341)

1.38031(1.33811, 1.42372)

0.26648 (0.26360, 0.26936)

B2

1.00093 (0.98956, 1.01231)

0.94242(0.93196, 0.95292)

2.19697(2.17323, 2.22080)

B3

-0.15975 (-0.20687, -0.11306)

0.69881 (0.46053, 0.94036)

-0.13796 (-0.34731, 0.06853)

B4

1.30694 (1.23812, 1.37624)

-0.88739(-1.19243, -0.58470)

-0.82589 (-1.12463, -0.53628)

BS

0.06093 (0.03453, 0.08752)

1.25515(1.15248, 1.35817)

1.001cm

0.997 cm

0.151*

* Squared relative diameter

To assess the models prediction abilities, eacheimeds used to estimate diameters at specified
one metre intervals on the validation data. Thédadibn data comprised of 89 trees, a total of
979 predictions. The results were then compardgtidactual measured stem diameters of these
trees as observed in the field. The input datehormodels were the dbh and total height as
measured for each tree. Detailed in table 2.5 lagestandard error estimates (SEE) and mean
bias from the results. The data is grouped by d&&fh increment of relative height to enable
comparisons along the stem. The data shows thaéln3obas a large mean bias for the lower
portion of the stem. Both model 1 and 2 have sm8BE, but model 1 performed better in terms
of mean bias overall, and also on the majorityhef individual diameters up the stem. For these

reasons it was model 1, Kozaks model, which wasemas the best for this study.
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Table 2.5: Prediction statistics for parameterizedaper models using validation data

Model 1 Model 2 Model 3
Relative SEE Bias SEE Bias SEE Bias
height % n (cm) (cm) (cm) (cm) (cm) (cm)
0-10 99 1.07 0.09 1.09 -0.16 0.53 6.92
10-20 168 0.53 -0.38 0.53 -0.41 0.27 6.26
20-30 90 0.86 -0.13 0.87 -0.16 0.43 5.9
30-40 93 0.83 0.08 0.84 -0.05 0.41 5.26
40-50 91 0.83 0.38 0.87 0.1 0.41 4.95
50-60 88 0.84 0.34 0.9 0.0 0.41 4.16
60-70 90 0.83 -0.08 0.94 -0.4 0.39 3.03
70-80 90 0.73 -0.22 0.83 -0.37 0.35 2.09
80-90 89 0.6 -0.38 0.69 -0.24 0.28 1.09
90-100 81 0.46 -0.1 0.48 0.29 0.23 0.59
Overall 979 0.85 -0.06 0.85 -0.17 0.49 4.28

2.3.2 Dbh to total height model

Four models were tested for their suitability ie 8tudy. The parameter estimates and associated
confidence intervals are detailed in table 2.6. fdr&king of the models by their RMSE favours

model 4, followed by model 7.

Table 2.6: Parameter estimates for dbh to total hght models

Model Parameter Estimate (with 95% Confidence Intervals) RMSE
| B | B2 | B | pa |

4 1.84044(0.07422, 3.64110) 0.44507 (0.33215, 0.55901) -0.41460 (-0.54718,-0.28104) -5.12417(-5.59778,-4.65741) 1.018

5 2.59149 (2.30549, 2.90877) 0.4687 (0.42564,0.51207) 1.231

6 0.246935(0.21529,0.279207) -0.213148(-1.25467,0.814186) 1.45

7 10.8599 (10.4688, 11.2950) 0.1558(0.1427, 0.1703) 0.7 (locked) 1.187
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The validation data was collected from three ptotisa single site. The stand level variables for
each plot were input to the models as required.@dvas localised to each plot through non-
linear regression as described in the methodolegiia. The data of the results is displayed in
table 8. The data gives no clear ranking of the eteoffom the SEE and Bias, but all models
have shown to have an SEE of below 1.0 cm. The earmge of each model shows that on all
sites, model 7, the Chapman Richards model, peddrtihe best and was chosen for use in this

study.

Table 2.7: Statistics for parameterized dbh to heigt models using validation data

Top Height QMDBH Dominant dbh Model 4 Model 5 Model 6 Model 7 (localised)

(m) (cm) (cm) I SEE(m) Bias (m) Errorrange (mjl SEE(m) Bias(m) Error range(m)l SEE(m) Bias (m) Errcrrange(m)l SEE(m) Bias (m) Errorrange (m)

Plot 1 13.6 12.1 21 0.76 089 46(-18.28) 0.7 0.68 4.4(-1.7,27) 091 -0.77 4.4(-3.5,09) 0.99 -0.67 4.3(-3.5,0.8)
Plot 2 9.7 13 22 0.59 0.26 3.7(-1.7,2.0) 074 -0.72 3.6(-2.6,1.0) 055 092 3.8(-1.1,27) 06 091 3.6(-1.0,2.6)
Plot 3 13.7 15.6 23 0.79 0.53 6.0(-2.8,3.2) 0.92 137 6.0(-1.8,4.2) 0.9 -0.07 6.2(-3.5,2.7) 0.92 -0.26  5.9(-3.4,2.5)

2.3.3 Complete prediction tool

The parameterised Chapman Richards model, modehs |ocalised by adjusting;. This was
done using a sample height measurement and theiatesb dbh of the sample height tree.
Ideally, a number of trees would be measured fghtend used for the adjustment. However, it
was found that there were two benefits to usiny @nle tree: i) It requires minimal additional
measurement, ii) the adjusted parameteg,otan be found mathematically without non-linear

regresson.

As the majority of forest managers will not haveess to non linear regression tools, it was
important that the models were combined into adstdane entity that could be implemented
into a simple spreadsheet software package. Astladlr terms in the equation are known, it was

possible to rewrite the equation to fifgd This gives the tool the ability to automaticdtgalise
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to a plot by adding the terms sdmple height taken in the stand (sH) and thedbh of the sample

height tree (dbh,y) to the equation. The modification of the modebuglined below:

1
If total height @) = 1.3 + thetal X (1 — e~ 0-155793dbhy57

Then using the sample heiglstH] and the dbh of the sample height trééh), the equation

can be rewritten as the following to figg:

1
pi=(H-13)/(1 - 3—0-155793dbth)W

And therefore total height can be found from:

1 1
H=13+|(sH —1.3)/(1 — e~ 0155793dbhsu)p7 | (1 — ¢~0:155793dbhY)57

Where: H = total height, dbh = diameter at breast height (cm), sH = sample height (m), dbhsu = dbh of the

sample height tree (cm).
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Using a combination of the Kozak taper equation @hdpman Richards dbh to height model,
parameterised for Irish Sitka spruce first thinsimg this study, and modified to localise the dbh
to height relationship, an equation to predict upgiem diameters of Irish Sitka spruce trees in

first thinnings is formed as:

d = 1.14369dbh1'°0093x[_0'1597522+1'30694 1n(z+0.001)+0.06093(%)]

Where: d = predicted diameter (cm), ht = total tree height (m) =

=

1—
1—

13 + [(SH ~1.3)/(1 - e—o.155793dbth)$] (1- e—0.155793dbh)$, X =

)

S|

z= % = relative height of predicted diameter, p = point of inflection = 1.3/ht,

h = height along the stem at predicted diameter (m), dbh = diameter at breast height (cm), sH =

sample height taken in the stand (m), dbhyy = dbh of the sample height tree

This equation can be used as a tool to determinehwlbg assortments can potentially be cut
from the stem. This can be accomplished by predjctiem diameters at heights corresponding
to the assortment lengths, and assessing whetkedidtimeters are above the minimum top

diameter threshold. All calculations can be mada simple spreadsheet.

2.3.4 Validation of the prediction tool for estinmat stem volume

The prediction tool was validated using the dathfsam site 5. The stem volumes were

estimated in 1 m sections from the base to thél'tip.results in table 2.8 show that residual error
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and bias is low. The standard error estimate olvisr.0098 m per tree. The overall mean bias
is small, at 0.00003 TnA scatterplot of the predicted versus measureddmes is presented in

figure 2.1.

Table 2.8: Statistics from the prediction tool usig the validation datasets

Top Height QMDBH Mean Stem vol (m?) SEEperstem Mean Bias perstem Predicted Total Volume per Measured Total volume
(m) (cm) (measured) (m®) (m®) plot (m?) per plot (m?)

Plot1 13.60 12.10 0.06 0.0112 -0.003 1.84 1.74
Plot2 9.70 13.00 0.06 0.0064 0.003 1.58 1.65
Plot3 13.70 15.60 0.11 0.0102 0.001 3.18 3.20
Overall 0.0098 0.00003 6.587 6.589

Scatterplot of Predicted vs Measured Stem Volume
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0.154

0.104

0.054

Predicted Stem Volume (cubic metres)

T T T T
0.00 0.05 0.10 0.15 0.20 0.25
Measured Stem Volume (cubic metres)

Figure 2.1: Predicted versus Measured Stem Volumenf) of the Validation Dataset

2.3.5 Application of the prediction tool to estimassortment volumes

The developed prediction tool only utilises datdlemted in a standard thinning control
assessment, as described by Matthews and Mack@s)2Consider a stand of Sitka spruce
ready for first thinning. The top height tree wasasured as having a height of 13.7 m with a
dbh of 20 cm. Four 100 Tplots were set out and the dbh of every tree naafie thinning

within the plots was recorded. The data collecseprésented in table 2.9.
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Each measured dbh is presented in a distributible.ta’he total stem volume per tree and
merchantable volume to 7 cm top diameter per treeestimated in 1 m length sections for each
dbh class. The harvestable volume per tree in daoheter class of two standard roundwood
assortments is estimated. The pallet assortmetdgfised as a 2.5 m length and a minimum top
diameter of 14 cm, and pulp is defined as a 3.@mgth and minimum top diameter of 7 cm.
Other roundwood assortments could also be defineddsortment length and minimum top
diameter. Based on the height and dbh of the taghh&ree and the diameter distribution of trees
marked for thinning in the four plots, the predictitool estimated a whole stem volume of 80
m/ha, a volume to 7 cm diameter of 74/ma, and a volume of cut to length assortmentssof 2

m?/ha for pallet, and 44 ftha for pulp, yielding 69ritha of roundwood.

Table 2.9: Example of the application of the prediton tool to estimate volume of

assortments

Pertree Per Hectare
No. pallet Pulp No. pulp
dbh Frequency Stemvol Merchvol. Stemvol. Merchvol. Palletvol. logs volume logs
7 1 0.016 0.006 0.4 0.2 0 0 0 ¢}
11 2 0.048 0.040 2.4 2.0 0 0 1.4 50
12 1 0.059 0.051 1.5 1.3 0 0 0.9 25
13 2 0.071 0.063 3.6 3.2 0 0 3.1 100
14 2 0.084 0.076 4.2 3.8 0 0 3.6 100
15 7 0.098 0.090 17.2 15.8 0 0 14.5 350
16 2 0.113 0.105 5.7 5.3 2.7 50 1.9 50
17 4 0.129 0.121 12.9 121 6.1 100 4.3 100
18 3 0.146 0.138 11.0 10.4 5.1 75 5.3 150
19 4 0.163 0.156 16.3 15.6 7.6 100 7.9 200
20 1 0.182 0.175 4.6 4.4 3.4 50 0.8 25
Totals per hectare 80 74 25 375 44 1150

Sample tree height: 13.7m, dbh of sample height tree: 20 cm. Volumes in m3. Predicted using 4 x 100m? plots.

2.4 Concluding remarks

For Sitka spruce first thinning plantations in émedl, Kozak’s taper equation performed best at

predicting diameters along the stem. To estimagettiial height of the trees, the Chapman
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Richards equation performed best when localisengusisample height measurement in the plot,
and the dbh of the sample height tree. Togethenaper function and dbh to height function can
be used as an informative tool to predict the vawhdifferent assortments in a stand prior to
thinning. The prediction tool requires sample plata from a forest, where the dbh of every tree
to be thinned in the plot is measured, and one itrebde plot is measured for dbh and total
height. The prediction tool does not require angitawhal measurements beyond those normally
taken in the thinning control measurement procedxerall, when compared to the validation
data, the tool predicted the full stem length vaduwith a SEE 0.0098 fper tree, and a bias of
0.00003 m per tree. The tool can be used for trees betwesn & 30 cm dbh, and for heights
of between 5.1 m to 16.0 m. With more data, thé ¢oald easily be improved to predict outside

these ranges.

This prediction tool can help forest managers ghantiming of first thinning, the harvesting

resource capacity required and the identificatiod marketing of product to customers in non-
industrial private forests. In addition, the tooutd be further developed with the relative prices
of roundwood and energy markets to choose a hamgasiethod that will provide optimal return

from the forest thinning operation. Where a wooergy market is preferred, the tool can
estimate the additional volume recovered by haivgsihe whole stem and cross-cutting in
variable lengths rather than maintaining the assemt specification required by the panel board

sector but not necessary for woodchip.
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Chapter 3: Simulating the tree size distribution oftrees harvested in a line and selection
first thinning

3.1 Introduction

The volume of the average tree in a stand is nptogpiate for directly estimating assortment
volumes, as some log products will only be preserthe upper ends of the dbh distribution
(Dieguez-Aranda et al., 2006). Nor is dbh normdilstributed in a standing forest (Kangas and
Maltamo, 2000), and so, unequal proportions of siges will be represented by the average.
Forest growth models often use dbh distributionfoten more informative forecasts than total
volume, predicting the volume of assortment tyg@s (@nd Cao, 2006). In general, stand level
growth models project a small number of stand e (such as basal area, top height and
number of trees per hectare), over time. Separatel® must be developed for different species
and silvicultural treatment (such as spacing, mahores/mixtures, even age etc.) The rate of
change of the variables depends on an index of thr¢guch as yield class and site index)
(Garcia, 1988). A set of functions are used toutate the variable values at a point in time, and
then another system of functions can be implemettedescribe the volume. The volume
functions can be a basic system to estimate volatrthe stand level from basal area and a
measure of height (such as form height), or a ncoraplex system using a dbh distribution,
dbh/height model, and a taper equation, to estiwaliene at a tree level (Vanclay, 1994). The
use of these three functions together (a dbh digtan, dbh/height model, and a taper equation)
has been referred to in growth modelling as a dissgation system (Dieguez-Aranda et al.,
2006). Whilst this study is not concerned with dfeange in stand variables over time, the

possibility to disaggregate stand parameters iuliae will be discussed
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The dbh distribution of stands according to the&am dbh is available in published stand tables,
which document the frequency of every dbh intef#alery and Burkhart, 1983). However, a
problem arises when trying to describe a thinniisgridution. A purely systematic thinning does
not change the shape of a distribution, as alktege selected randomly, and therefore the before
thinning, thinning and after thinning dbh distrilaut will have the same shape. On the other
hand, any selection of the trees in a thinning wéllse a change, as the trees are not chosen
randomly, they are chosen to some prescribed sltui@l practice (Von Gadow and Hui, 2001).

A typical line and selection first thinning in legld is suggested to increase the after thinning
mean dbh by 2 cm, a result of a removal of a higineportion of the smaller trees in the stand
(Booth et al., 2007). In this study a set of tréasi functions will be developed, which will

predict the thinning distribution from the befohérining distribution.

The aim of this chapter was the simulation of timgndbh distributions which are representative
of a line and selection first thinning when; eitls¢anding inventory data is available, or where
the Weibull parameters can taken from publisheddioy stand tables. Using the simulated dbh
distributions, and the dbh/height model and tapeiagon developed in chapter 2, a stem profile

for every tree harvested can be predicted.
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3.2 Materials and Methods

3.2.1 Deriving the Weibull parameters of the maiopcdbh distribution from published British

Forestry Commission stand tables

The British Forestry Commission (BFC) has publistdisth frequency tables for conifer
plantations at a range of mean dbh levels. A portif these frequency tables is transcribed in

table 3.1.

Table 3.1: BFC stand table for conifers. (percentagdistribution of number of trees)
dbh class (cm)

Mean dbh (cm) 5 10 15 20 25 30
10 19 71 10
11 8 73 19
12 3 66 29 2
13 1 53 42
14 39 53 8
15 26 60 14
16 16 61 21
17 9 57 30
18 5 50 38 7
19 2 41 45 11 1
20 1 31 50 16 2
21 23 51 22 4
22 16 48 29 7

The diameters for the given dbh classes are the central values for each class.

The Weibull probability function has been used egieely in modelling the dbh distribution of
forest stands worldwide (PalahA et al., 2006, Gseget al., 2008, Magnussen, 1986). The three

parameter Weibull probability density function sfided by Mergari and Sterba (2006) as:
x—T)“

x x—1 —(—
fG) = (=T xe™ D

Where:T is the threshold parametes, is the shape parameter, ghib the scale parameter.
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The Stat Fit statistical program was used to &t Wieibull distribution function to the frequency
tables of mean dbh 10 cm to 22 cm inclusive. A dbB2 cm was used as the upper threshold as
above this level includes dbh values that are detshe reliable use of the taper equation
developed in chapter 2. The maximum likelihoodreate method was used in the distribution
fitting. This method has been used to fit functiomglbh distribution in other studies (Maltamo
et al., 2000). The shape and scale parametersfivarigh the computer program, the threshold

parameter, as advised by Cao (2004), was set toheatinimum dbh in a dataset.

To be compatible with the taper and dbh to heigbti@s developed in chapter 2, a localisation
of the dbh to height relationship was required.gdiez-Arandaet al. (2006) describes how the
local dbh to height relationship is parameteriseddynamic growth models for generalised
height equations from the dominant diameter anddtimainant height (top height) of the stand,
where the dominant diameter is estimated from titedistribution. The dominant diameter can
therefore be estimated from the 100 largest dbbegahs predicted by the Weibull function for
each stand mean dbh size (once the stocking is inokine dominant height (top height) was
not given in the stand tables, and so was estimated) a mean dbh to top height relationship.
The British Forestry Commission yield tables gikie mean dbh and top height predicted for a
given age according to yield class. A portion & published yield tables are transcribed in table

3.2.
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Table 3.2 : British Forestry Commission Yield tablefor SS, no thin, 2 m spacing, yield class

16
Mean Mean % MAI
YC Age Top Height  Tress/ha  dbh BA/ha vol Vol/ha mortality  vol/ha Age
16 17 7.6 2303 12 26 0.03 75 0 4.4 17
16 22 10.8 2232 15 37 0.07 156 0 7.1 22
16 27 13.9 2002 17 46 0.13 258 1 9.6 27
16 32 16.8 1734 20 53 0.21 369 3 11.5 32
16 37 19.6 1515 22 58 0.31 477 5 12.9 37
16 42 22 1336 24 62 0.43 574 7 13.7 42
16 47 24.1 1203 26 66 0.55 660 9 14 47

By plotting the top height versus the mean dbhudsighed in the tables, it is apparent that the

British Forestry Commission has used a modelleaticeiship, regardless of yield class and age.

A plot of the data for all yield classes of SS,thim, 2m spacing is displayed in figure 3.1. A

cubic model explains total variation in the relagbip with an R-squared of 100%, indicating

the purely mathematical relationship between the dependant and independent variables. The

cubic model is estimated as:

Top height = —59.71 + 10.74dbh — 0.3412dbh? + 0.004333dbh3
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Scatterplot of No Thin Top Height vs Mean dbh
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Figure 3.1: Relationship between no thin top heightnd mean dbh as observed in the
British Forestry Commission yield tables

3.2.2 Regression of the Weibull shape and scaknpeters

Data was collected on three Sitka spruce plantatianireland which underwent a line and

selection thinning. Table 3.3 details the site dptons.

Table 3.3: Site characteristics

Site Location Site Area Age Stocking Mean Dbh Top Height  Yield Class
ha years stems ha™ cm m m’ ha” yr'1
Abbyfeale, Co. Limerick 9.8 20 2191 17 135 22
Bweeng, Co. Cork 10 17 2251 13 11.1 23
Woodberry, Co. Galway  26.6 17 2199 15 12.3 24

Plots were used to compare the before thinning dibtribution and the after thinning dbh
distribution. The plots were marked with paint,teat their location was identifiable after the
harvesting. The dbh of every tree in each plot wasasured with a callipers, to the nearest
rounded down centimetre, before and after thinnikgotal of 29 plots were used; 9 from the

Abbeyfeale site, 8 from the Bweeng site, and 12nfithe Woodberry site. As described by
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Murray and von Gadow (1991), the frequency of améiger class that is thinned can be

estimated from:

fTi = fBT; — fAT;
Where:
fT; = frequency of ith class of the thinning disttilbn
fBT; = frequency of the ith class of the before thignilistribution

fAT; = frequency of the ith class of the after thimndistribution

The diameter classes were set as 1cm wide, makioly elass equivalent to a rounded dbh
measurement. This gave for each plot; a before dhim frequency distribution and a thinning

dbh frequency distribution.

A regression analysis was performed, in the Ming#dtistical software package to investigate
the relationship between the before thinning andnihg Weibull shape and scale parameters.
The threshold parameter remains unchanged frommitigh as it represents the minimum

allowable value for the function. The before thimpistand parameters were then used with the

regression equations to estimate the thinning patens

3.2.3 Simulation of thinning dbh datasets

The Weibull parameter estimates for thinning disttions were used to create dbh distributions
at each mean dbh level (10 cm to 22 cm). A beftmiantng distribution, and thinning

distribution, were simulated at each mean dbh leMak was accomplished using a Monte Carlo
simulation method in the Minitab statistical softeg@ackage. The Weibull parameter regression
equations, detailed previously in this chapter, evdeveloped from plot data which had an
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average stocking of 2346 trees per hectare, anavarage removal percentage of 32% of the
main crop, equating to 751 trees removed per heecldrese densities were used in the Monte
Carlo simulation as the number of iterations fashedataset, so that, the before thinning datasets
contain 2346 values, and the thinning datasetsagofib1 values. In this manner, the simulated

datasets are reflective of the thinning operatimied out on the trial sites.
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3.2.4 Estimation of the volume from a thinning atle mean dbh level

The thinning dbh dataset at each mean dbh level wgasl with the taper and dbh/height
equations developed in chapter 2 to predict assortvolumes. The predicted dominant height
and dominant dbh for each dataset were used ttidedhe dbh/height model. The volumes of

the cut to length assortment dimensions that waeeied are detailed in table 3.4.

Table 3.4: Assortment dimensions for volume prediabns

Assortment length (m) Min small end diameter (cm)
Large sawlog 4.9 20
Small sawlog 2.5 14

Pulp 3.0 7

A hierarchy was set out as to which cut to leng#fil() assortments were given priority for

volume estimation. The hierarchy was set out devd: i) large sawlog, ii) small sawlog, iii)

pulp.

To clarify this, it may be useful to consider th&culations used with the taper equation as
virtually cross cutting each stem when it made G/mlume predictions. If sawlog (the top

hierarchy) is present in the stem, that portionhef stem is allocated to that assortment and its
volume is calculated. The same portion of the stammnot then be allocated to another CTL
assortment. The hierarchy is set place so thatbst desirable assortment is tested for first,

followed by the second, and then the third.

An estimation of whole the tree volume (the voluoh¢he full stem and branches) was estimated
by use of a biomass expansion factor. Biomass expafactors estimate the total aboveground
biomass from the merchantable volume biomass. Tbst suitable biomass expansion factor

identified from literature is an equation publisHedLevyet al. (2004). This equation operates
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at the tree level, and adjusts the biomass exparaator according to tree height, as opposed to
a static factor for all tree sizes. Levy's biomasgiation was developed in the UK for conifer

species from a large dataset of over 2000 uprdoted, illustrated in figure 3.2.
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Figure 3.2: Dataset and regression developed for BEdeveloped by Levyet al. (2004)

The equation uses a mixed modelling approach,rmocating species as a random variable
when all others were fixed. This gives a speqeeisic intercept for the equation, and so can be
localised for Sitka spruce as required in this gtughother benefit of the Leevy equation is its

inclusion of dead branches, which is not commorbfomass expansion factors as their primary
role is in estimating carbon sequestration. Theirapsion that must be made when using a
biomass expansion factor to predict volume is thatbasic density within the stem is the same

as the basic density in the branches, as perd&aht(2011).

The Levy equation is given as:

Bef = 2.711 — 0.4812(In(h¢ree))

(Levy et al., 2004)
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Where
Bef = Ratio of total aboveground biomass to merchaatstem biomass of Sitka spruce (kg)

h= Total tree height in metres

This biomass expansion factor was then simply po@ted into the volume calculations

described in chapter 2, as:

Whole tree volume (m3) = Merchantable volume(m3) X (2.711 — 0.4812(In(h¢ree)))

For each thinning dataset, the merchantable volumimle tree volume, and cut to length
volumes were predicted at the tree level. The tetdime predicted for each thinning dataset

was predicted from the sum of the tree volumes.
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3.3 Results and discussion

3.3.1 Regression of the Weibull Parameters

The Weibull distribution fitted to all measured phtata significantly at an alpha level of 0.05
using an Anderson Darling goodness of fit test. @herall mean stocking in the plots was 2346
trees per hectare. The average removal percentage32%6 of the main crop. The regression
analysis tested the relationship between the thg\nVeibull parameters and a number of
possible predictors. The predictors tested were: dafore thinning Weibull parameters, the
stocking, the post thinning stocking, the mean @bid the removal percentage. Only the before
thinning parameters were seen as significant. ghaesion equation for both the thinning alpha
Weibull parameter and the thinning beta Weibull apaeter was formed. The threshold
parameter was fixed and remained unchanged frommitig. The regression equations took the

form of a simple straight linear model:

Thinning Weibull Parameter; = 4 + 1Before Thinning Weibull Paramater;

Table 3.5 details the fit statistics for the regres equations formed in the analysis. The R
squared values are both high, at above 70%. Thealbyevalues for the regression equations
were both 0.000. Figure 3.3 and figure 3.4 disgegtter plots of the data, which include the

straight regression line of the thinning shape stale models.

Table 3.5: Fit statistics for regression of the Wéiull shape and scale parameters

Model Bo SE P value B, SE P value R’
Thinning Alpha 0.627 0.35 0.09 1.018 0.105 0.000 77.8
Thinning Beta 2.082 1.84 0.27 1.056 0.123 0.000 72.0
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Figure 3.3: Before thinning shape parameter and timning shape parameter relationship
for Sitka spruce stands at first thinning
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Figure 3.4: Before thinning scale parameter and thining scale parameter relationship for
Sitka spruce stands at first thinning
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With these two regression equations, it is possiblestimate the parameters of the Weibull
distribution function for a line and selection fithinning from the Weibull parameters of a
before thinning distribution. Naturally, this isniited to the influences of the thinning type and
other external factors experienced on the trigssiHHowever, it does allow the simulation of a
thinning dbh distribution which is representatifedine and selection first thinning experienced
on the trial sites when; either standing inventdigta is available, or where the Weibull

parameters can be estimated for in published fgresdnd tables.

3.3.2 Before thinning and thinning parameters basethe British Forestry Commission stand
tables

The Weibull distribution was found to fit the Bah Forestry Commission data significantly at
an alpha level of 0.05 for all mean dbh levels (Amrsdn Darling test). The top height of the
stand was estimated from the mean dbh / top hesigaionship identified in the British Forestry
Commission yield tables. The parameters for thebwlkedistribution for before thinning and

thinning, along with the top height are detailetblein table 3.6.
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Table 3.6: Before thinning and thinning Weibull parameters for Sitka spruce stands at first

thinning
Thinning using linear
Main crop model
Mean dbh Top height Threshold Shape Scale P value Shape Scale
10 5.5 1 2.879 10.051 0.13 2.358 8.963
11 6.8 1 3.599 10.679 0.12 2.963 9.539
12 8 1 3.107 11.786 0.22 2.549 10.556
13 9.2 1 3.23 12.293 0.51 2.653 11.021
14 10.4 4 3.048 10.73 0.52 2.499 9.586
15 11.5 4 3.395 11.697 0.55 2.791 10.473
16 12.7 4 3.223 13.102 0.31 2.646 11.764
17 13.8 4 3.53 13.877 0.51 2.904 12.475
18 15 4 3.81 14.845 0.47 3.14 13.364
19 16.1 4 3.346 16.212 0.40 2.75 14.618
20 17.2 4 3.548 16.957 0.63 2.92 15.303
21 18.3 6.5 3.472 15.287 0.59 2.856 13.769
22 19.3 6.5 3.954 16.278 0.71 3.261 14.679

3.3.3 Simulation of thinning dbh distributions

Monte Carlo simulation was used to create a befloreing and thinning distribution at each
mean dbh level. The distributions are presentedgat of histograms in figure 3.5. It can be seen
from the graphical display that in each case, thrilated thinning removes a larger proportion
of the smaller stems, and leaves the majority efléinger stems standing. Importantly, this holds
true at each level, and the thinning distributi@mesl not predict stems which are outside of the
bounds of the before thinning distribution. The me&the thinning distribution is also showing
to be lower than the before thinning, resultingaiftigher mean dbh after thinning. All these

characteristics are to be expected in a line alettsen thinning.
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Figure 3.5: Dbh distributions from Monte Carlo simulations using the Weibull parameters

estimated for Sitka spruce stands at first thinning
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Histogram of dbh distributions for 16 cm mean dbh Histogram of dbh distributions for 17 cm mean dbh
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3.3.4 Estimation of the volume from a thinning atke mean dbh level

The taper and dbh to height equations developethapter 2 were used, along with a biomass

expansion factor developed by Legtyal. (2004), to estimate the different assortment vasim

available in each individual tree from the thinnidigtributions simulated at each mean dbh

level. The sum of these individual tree volumesansestimate of the total volume available per

hectare. Table 3.7 below details predicted totdumes per hectare, which includes the

merchantable volume, large sawlog volume, smalllg@wolume, pulp volume, total cut to

length (CTL) log volume, and the whole tree volumMso included is the count of each log

assortment predicted.

Table 3.7: Predicted volumes for Sitka spruce starglat first thinning from the simulated
datasets

Cut to length (CTL) assortments

N\ N\ >N\
© < o\'\& o o\'\& 54 40\'\& \é\%\
N~
NI o X° & N\ & ©
&P O N2 ¥ & 20 &
&f&‘ ‘;35“ K < < K 5 &L © ® \('} 6@&
< N & p G o R A X2 &
Meandbh ¢ NS £ O Q¥ <0 N
10 10 13 0 (0] 0 0 3 83 3 20
11 14 17 0 0 0 0 7 218 7 25
12 20 24 0 0 1 18 13 358 14 36
13 25 29 0 0 2 35 17 485 19 43
14 39 44 0 (0] 9 139 24 658 33 64
15 50 54 0 (0] 15 214 28 787 43 78
16 61 66 0 0 22 309 31 863 54 93
17 74 80 0 0 33 461 36 1013 69 110
18 87 94 1 2 43 596 39 1114 82 126
19 109 116 8 29 55 723 41 1167 104 153
20 117 124 11 40 58 775 44 1262 112 161
21 146 154 20 73 74 996 48 1384 143 195
22 168 177 24 88 91 1218 48 1343 164 220

The CTL products, indicated by the shaded area are a component breakdown of the total CTL volume
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The merchantable volume ranges from Ian to 168 niha’. Interestingly the full stem only
has an increased volume of 3 cubic metres at a wiglaof 10 cm, to a maximum increase of 9
cubic metres at a mean dbh of 168 cm. The abswaltees are small, but relatively it accounts
for a 30% increase at a mean dbh of 10 cm. Eveto @ypmean dbh of 14 cm, the increase is
13%. However at the largest mean dbh of 22 cm, dhig represents a 5% increase. Large
sawlog only becomes available at 18 cm mean dlwhagthis level only produces 1 cubic metre.
It could be suggested that large sawlog would motibble to cut until 19 cm mean dbh, when
there is 8 cubic metres available per hectareth@tupper end of a 22 cm mean dbh, 24 cubic
metres per hectare of large sawlog available. Tssipility of harvesting small sawlog begins at
a mean dbh of 12 cm, but the quantities are smdill L4 cm mean dbh, when 9 cubic metres are
available per hectare. Pulp is available at evevell but again, the absolute volumes are small

until about 14 cm mean dbh. Figure 3.6 graphicdi$plays the volume predictions of the CTL

assortments.
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Figure 3.6: Predicted CTL volumes for Sitka sprucestands at first thinning from the
simulated datasets
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Whole tree volume ranges from 26 ha* to 220 ni ha, which at the upper extreme of a mean
dbh of 22 cm is a 34% increase over the total @léngth vol. At the lower extreme of a mean
dbh of 10 cm, the increase is 560%. In figure 3efol, the whole tree volume, full stem
volume, merchantable volume, and total cut to lengblume at each mean dbh level are
displayed. It can be seen from the graph that teechantable volume, full stem volume, and
total CTL volume are in close proximity to each estlat every levelHowever, the absolute
volume margin of higher volume attainable from #iwole tree increases as the mean dbh level

increases.
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Figure 3.7: Predicted total volumes per hectare dbitka spruce stands at first thinning
from the simulated datasets
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3.4 Concluding remarks

The distributions generated in this chapter arepaesentation of the trees removed in a line and
selection first thinning. Using the stand paranset#rtop height and dominant dbh, as estimated
from the distributions, these dbh values can baitinpto the taper and dbh/height models
developed in chapter 2 to effectively predict arsfaofile for each tree removed. As a whole,
combining chapter 2 and chapter 3 of this disgertata tree level model of a stand has been
developed at different stages of its developmehts Thodel has the ability to predict the dbh,
height, taper, and volume of any assortment typeeéch tree that will be thinned in the forest.
This model can now be used with machine produgtisitidies to compare the production costs
of different methods and systems of thinning afed#ént levels of tree size (described by the
parameter mean dbh). By modelling dbh distributiforsa range of mean dbh levels (10 cm to
22 cm), and using the models developed in chaptémias possible to predict volumes for each
mean dbh level. The merchantable volume ranged f@mf ha’ to 168 ni ha', CTL volumes
range from 3 ha™ to 168 ni ha', and whole tree volumes range from 20a’ to 220 ni
ha'. These results identify how the mean dbh of thaedtt first thinning will greatly affect the
capacity of the thinning operation to cover coatg] how at lower mean dbh levels, the adoption

of whole tree harvest has the potential to rec68&2 more volume than the CTL system.
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Chapter 4: Machine rate and productivity of a harvester and a forwarder operating in a
first thinning

4.1 Introduction

In Ireland, approximately 95% (Karjalainen et &001) of harvesting machines use a cut to
length method. This employs two machines, a haevemtd a forwarder. The harvester fells,
delimbs, and crosscuts the stems into specifiegtasn(assortments). The harvester then places
them in small stacks in the forest. The forwarddraets these logs to the roadside (Kent et al.,
2011). The benefit of this system is the use ofaaded computerized planning and control
systems for optimal product and logistic efficienthe system operation is focussed on quality,
with low contamination from soil and losses of tenblt also has a reduced need for personnel
on site than other systems (such as manual feNulgle tree extraction with processing at the
roadside), making the system more viable for smphklhtations, as personnel cost is reduced
(Harstela, 1999). In Europe, it has also been fotnadl even in very favorable conditions for
whole tree harvesting, the cut to length systemase cost effective unless utilizing the lop and
top for energy (Harstela, 1999). Cut to length elyst may also cause less residual stand damage
than whole tree systems, as some whole tree systkichsntact trees to the forest roadside. In
thinnings, the crop can suffer from the damage eduby the harvested trees hitting and rubbing
off the remaining crop as they are pulled out efstand (Forestry Commisson, 1997). However,
this may only be the case when whole trees ara@et using a skidder, and may not be the
case when using a terrain chipping system wherethgeis forwarded to the roadside, much like
a cut to length forwarder. On the other hand, oulehgth systems may also provide a safer

working environment than the manual harvesting @ased with the whole tree harvesting
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system described in this dissertation, as the ntyjof work is done from the safety of highly

protected cabs (Kellogg and Bettinger, 1994).

However, the equipment involved is capital inteasikequiring a continuous supply of work to
cover ownership costs. In first thinnings, the ewoit margin is likely to be small due to the
small tree sizes (Russell and Mortimer, 2005). bemms can occur on steep slopes, as the
machines usually have to travel straight up andrdeteep terrain to maintain stability. When
facing downhill, the harvesting head can often bstrcted from view by the wheels of the
chassis. Under these conditions, operators oftga taspend extra time maneuvering between
felling and processing. Undergrowth and dense scambalso affect visibility, and cause delays
from damage caused to the chain, bar, and hydraabes of the harvesting head (Richardson,

1989).

JirouSek, Klveaet al.(2007) trialled harvesting machines in Irish caiotis and found that ground
roughness, slope, stocking, number of log assotsnprocessed, undergrowth density, and
machine design are all factors affecting produttiBut it was found that tree size was the most
significant. This is because harvesting machinessarefficient that they only take slightly more
time to process a large stem, than a small stei.irievitable then that an increase in stem size
will affect productivity (Ovaskainen, 2009). Fdret small tree sizes found in first thinnings,
productivity can be expected to be in the regiorY &f nt per productive machine hour (Sirén
and Aaltio, 2003). Stampfer and Steinmuller (20043cribe how productivity models for forest
harvesters contain three basic components: treeepsong, locomotion, and delays. The tree
processing component is a function of tree volulmayesting intensity, stand density and
silvicultural treatment. The locomotion componesta function of the terrain slope, stand

density and soil bearing capacity.
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Forwarder productivity has been found to be a fioncof distance, load volume and density of
stacks (distribution) in the forest (Kellogg andttiBeyer, 1994). Studies in Irish conditions have
found that the productivity of forwarders in things range from 5 to 14hper productive

machine hour, depending on these factors (Tierhah,&004).

Productivity models are built from empirical datatliered from time studies of working
machines (Eliasson et al., 1999, LeDoux and Huy2&)1, Magagnotti and Spinelli, 2011,
Howard and Coultish, 1993). Time study analysissusdy the productive time recorded in the
field, quantified into productive machine hours {gmDelays or stoppages such as repairs, rest,
maintenance, etc. are unproductive time and areusetl to generate a productivity model
(Johansson, 1997, Glode, 1999, Laitila et al., 2@8&gras, 2005). This is because delays and
stoppages such as repairs, rest, maintenancehoslealls, or coffee breaks are infrequent and
unpredictable. For example, the breakdown of a machy its very nature is infrequent, and
may not be captured even in a long time study oékseor even months. However, when a
machine does break down it may be out of workindeorfor a number of days or weeks.
Therefore, when analysing the productivity of a mae using relatively short time studies, the
productive time is used only (Spinelli and Viss2®09). When relating productivity models to
real world systems, the unproductive time is actedirfor using utilisation rates. Utilisation
rates are an estimation of the productive time gs@entage of the total time, scheduled
machine hours (smh), and have been estimated fomg time historical data of machines
(Spinelli and Visser, 2009). A benefit of usingoabinces is that is if the allowance is thought to
be too low or too high they can be adjusted, aed#isults recalculated. This may be the case if

a machine is operating in rough site conditionsg, dperator use is hard on the machine, the
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operator needs more rest due to environmental tondj or a machine age/condition is causing

more breakdowns (Kent et al., 2011).

The aim of this chapter is to develop harvester @ordvarder productivity equations that
represent the operations that took place on tla ¢iies. The productivity models are to be
compatible with the taper and dbh to height modtdseloped in chapter 2, and the data
produced in chapter 3. That is, the productivitydele’ independent variables will be linked to

the dependant variables from the models develapetapter 2.

Many publications on harvesting productivities telame consumption to standing tree volume
or dbh (Evanson and McConchie, 1996), (Spinellaket 2002). In this study, a meaningful
relationship between the output volume from a hstareand its productivity was investigated, as
this would allow for the productivity model to b&eattly compatible with the output from the

taper and height models developed in chapter 2.

4.2 Material and methods

4.2.1 Harvester Model Data Collection

A Silvatec 120KW harvester was trialed on 5 sitlesing the Forest energy programme.
However, only 1 site had the data collected in ficsent manner that the operation could be
parameterized. This site was a 2.8 hectare plé&hinyfeale, Co. Limerick. A line a selection

thinning was carried out. One row in seven was raddor the line thinning, and the selection
thinning carried out between the lines. The thigniemoved 40% of the stems, 14% being from
the extraction rack, the remaining 26% from thea#bn thinning. The stems were delimbed by

the harvester head and cut into sawlog, pallet, gulg assortments. The assortments were
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accumulated separately in small stacks perpenditoléhe line. The tops and branch material

were placed under the machine as a brash mat. Fdbtetails the site characteristics.

Table 4.1: Site characteristics for the harvestertady

Plot Mean Top Yield
Site Species Area Age  Stocking dbh Height Class
ha year stems/ha cm m m/ha/yr
Abbeyfeale Sitka spruce 2.8 20 2134 17 14.0 24

A continuous time study was carried out using akyugeld computer running the Siworks3
time study software. The time study treated eaelk fs a productive cycle. The Siwork3
software records time in centiminutes (centimir@he centimin is equivalent to 10mf a

minute. Centimins are commonly used in time studiesause of their ease of their use in

arithmetic. Each observation was divided into theofving elements:

* Move: Starts when the harvester moves to travel a distands when the harvester
stops again.

» Select: Starts when the operator is ready to fell the ries¢. Ends when the harvester
head grabs the tree.

« Fell: Starts when the harvester head grabs onto aBreks when the head pulls the tree
butt away from the stump.

 Down: Starts when the head pulls the tree butt away filmenstump. Ends when the
rollers on the head start to move for processing.

» Processing:Starts when the rollers on the head start to niovprocessing . Ends when
the last product length is dropped from the head.

» Tops: Starts when the last product length is droppethftioe head. Ends when the tops
are placed on the ground.

» Delays/Unproductive: Any time which does not apply to the above element
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To evaluate the relationship between tree size moductivity, a count of the logs and their
assortment type was recorded for every machineecysfter the harvesting operation was
completed on the site, a number of logs of eachrament were measured with a logger’s tape
and callipers. This was done in order to estimateean volume per assortment. As many logs as
possible were measured in the available time omsitee Logs were measured throughout the site
in order to get an even sample spread. Table 4@ajis the assortment dimension statistics for

the trial site.

Table 4.2: Sample logs measured on the site to eséte the mean volume per assortment

Statistic Pulp Pallet Sawlog
n 77 61 25
Mid Mid Mid

Length  Diameter Volume Length  Diameter Volume Length  Diameter Volume

(cm) (cm) (m3) (cm) (cm) (m3) (cm) (cm) (m3)
Mean 295 13 0.038 251 18 0.066 490 22 0.193
Standard Deviation 15 3 0.017 3 3 0.002 11 1 0.023
Min 243 6 0.008 241 13 0.033 449 20 0.153
Max 334 22 0.111 258 26 0.132 519 26 0.266

The mean volumes and the count of the assortmemtérge gave an estimate of the volume
harvested in each tree. The data was analysed regifession techniques in the Minitab 16

statistical software package.

The machine rate calculation method by Miyettal. (1980) was used to estimate the cost of the
harvester per productive and scheduled machine. Ridis method has been used in many
productivity reports since its publication (LeDoard Huyler, 2001, Behjou et al., 2009), and

very recently by Magagnotti and Spinelli (2011)eTiachine rate assumptions for the harvester

are detailed in table 4.3.
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Table 4.3: Machine rate calculation assumptions fothe harvester

Rate Unit Amount

Initial Investment Euro 300000°
Machine Power kw 120°

Salvage value % % 20°

Salvage Value Euro 60000

Economic Life years 6°

Scheduled Operating hours hrs/year 2000
Utilisation Percentage % 70°
Productive Machine Hours hrs/year 1400
Interest Rate % 8.5°

Insurance and tax rate % 4°
Repair and Maintenance % of depreciation 100°
Depreciation Euro/year 40000

Average Yearly Investment Euro/year 200000
Interest Euro/year 17000

Insurance and Tax Euro/year 8000
Maintenance and Repair Euro/pmh 28.6
Fuel Consumption Rate 0.06"
Cost of litre of fuel 0.92°

Fuel Euro/pmh 6.8

Lubrication Consumption Rate 0.35°
Lubrication Euro/pmh 2.4

Labour Euro/pmh 22.6°

Benefits Euro/pmh 5.6°

Overheads % % 5°

Operating Profit % % 9°
Ownership cost per SMH Euro/smh 32.5
Ownership cost per PMH Euro/pmh 46.4
Operating cost per PMH Euro/pmh 66.0
Operating cost per SMH Euro/smh 46.2
Overheads per SMH Euro/smh 3.9
Operating Profit Per SMH Euro/smh 7.4
Total Rate per SMH Euro/smh 90.1

Total Rate per PMH Euro/pmh 128.7

Sources: ° Machine owner, ° (Murphy et al., 2010), © (Kent et al., 2011)
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4.2.2 Forwarder model data collection

Shortly after harvesting, the assortments wereaetdd to the forest roadside with a Valmet
90KW forwarder. The assortments were placed inelatgcks perpendicular to the roadside. In
order to get a sufficient sample size, the forweardas trialled on a total of three sites, including
the Abbyfeale site used for the harvester model.shés were prescribed the same thinning

regime as the harvester trial site, and are destiibtable 4.4 below.

Table 4.4: Site characteristics for the forwarder gidy

Plot Mean Top Yield

Site Location Species Composition Area  Age Stocking dbh Height Class

ha year stems/ha cm m  m’/ha/yr

52°25'6.46"'N

Abbeyfeale 9°14'23.32"W Sitka spruce 2.8 20 2134 17 14.0 24
54°49'54.36"N,

Ballybofey 7°45'39.02"W Sitka spruce/larch 12.4 13 2537 14 11.0 24
53°17'47.74"N,

Woodberry 8°24'26.03"W Sitka spruce 13.6 17 2327 14 11.9 24

The time study of the forwarder was carried ouhgsa stopwatch, recording productive time
only. A cycle was defined as the extraction andkstey of a forwarder bunk of timber to the

forest roadside. Each cycle was divided into thiefang elements:

* Drive Empty: Starts when the forwarder begins the journey into the forest. Ends when the
forwarder stops to pick up the first log of the load.

* Loading: Starts when the machine stops to pick up the first log. Ends when the machine loads
the last log and starts to move back towards the staking area.

*  Drive Full: Starts when the machine begins its journey back to the roadside. Ends when the
machine stops to unload at the roadside.

* Unloading: Starts when the machine stops to unload the logs at the roadside. Stops when the
last log is unloaded and the machine is ready to move back into the forest.
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As per the harvester model, a sample of logs wassured on the forest floor to estimate the
mean volume of each assortment. A count of the &mgktheir assortment type was recorded for
each forwarder bunk load, and from this, an esenudteach load volume calculated. As the
Ballybofey site comprised of an intimate mixtureSitka spruce and larch, it was necessary to
identify if the larch had any effect on the produty. It was found that the mean assortment
volumes between the two species did not differiBgantly at an alpha level of 0.01 when tested
with an ANOVA. On the Woodberry site, an amounstatke wood was also produced. Table 4.5

details the mean assortment volume on each site.

Table 4.5: Sample logs measured on the forwarderwdy sites to estimate the mean
assortment volume

Site Pulp Pallet Sawlog Stake
n Volume (m3) N Volume (m3) n Volume (m3) n Volume (m3)
Abbyfeale 77 0.383 61 0.067 25 0.193
Ballybofey 134 0.029
Woodberry 169 0.032 35 0.050 - - 224 0.013

Distance is considered a major factor affectingbBmextraction productivity (Jackson et al.,
1990, Sirén and Aaltio, 2003, Behjou et al., 20@8yngside the cycle times and piece count for
each load, the distance was also recorded in meitesa walk tax. The distance variable was
measured over three separate elements; the distaveded when driving empty, the distance
travelled when loading, and the distance travelddén driving full. The sum of these distances
was considered the total distance travelled in@decyAs per Tiernamrt al. (2004), the average
extraction distance per cycle was used in the aisglgnd was estimated as half of the total cycle
distance.

The machine rate analysis was carried out withsdme method as the harvester machine. The

assumptions are detailed in table 4.6.
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Table 4.6: Machine rate calculation assumptions fothe forwarder

Rate Unit Amount

Initial Investment Euro 210000°
Machine Power kw 90°

Salvage value % % 20°

Salvage Value Euro 42000

Economic Life years 6°

Scheduled Operating hours hrs/year 2000°
Utilisation Percentage % 70°
Productive Machine Hours hrs/year 1400
Interest Rate % 8.5°

Insurance and tax rate % 4°
Repair and Maintenance % of depreciation 100°
Depreciation Euro/year 28000

Average Yearly Investment Euro/year 140000
Interest Euro/year 11900

Insurance and Tax Euro/year 5600
Maintenance and Repair Euro/pmh 20
Fuel Consumption Rate 0.06
Cost of litre of fuel 0.92°

Fuel Euro/pmh 5.1

Lubrication Consumption Rate 0.35°
Lubrication Euro/pmh 1.8

Labour Euro/pmh 22.6°

Benefits Euro/pmh 5.6°

Overheads % % 5°

Operating Profit % % 9°
Ownership cost per SMH Euro/smh 22.8
Ownership cost per PMH Euro/pmh 325
Operating cost per PMH Euro/pmh 55.1
Operating cost per SMH Euro/smh 38.6
Overheads per SMH Euro/smh 31
Operating Profit Per SMH Euro/smh 5.8
Total Rate per SMH Euro/smh 70.2

Total Rate per PMH Euro/pmh 100.3

Sources: ° Machine owner, ° (Murphy et al., 2010), © (Kent et al., 2011)
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4.3 RESULTSAND DISCUSSON:

4.3.1 Harvester Time Consumption Analysis.

The study duration of the harvester lasted for T5&htimins (155 mins), including delays. The
study captured 182 cycles of the harvester. Thennpmaductive time per cycle was 69.1
centimins, with a minimum of 27.0, and a maximumla?.0 centimins. Figure 4.1 displays the
percentages of time consumption for each elementeyaluation of the elements found that
26.1% of the time was consumed processing the stghish included the delimbing and cross-
cutting of the stem into specified assortment disi@ms. The selection of the trees took 25.2%
of the total time, where the operator was deciditgch tree to thin out, and was moving the
boom into position around the remaining trees.ikglconsumed 9.9%, and pulling the tree
down into a horizontal position for processing tddk1% of the time. The tops time element
included the positioning of the top onto the grodaduse as a brash mat. This element also
often included the repositioning of pieces of br&ashimprove the brash mat, and consumed
14.1% of the time. The delay element, which congatief machine interruptions and personal
delays, totalled to 11.5%. The smallest time elenfream the results was the move time, which
was 1.1% of the total time, and was erratic inoitsurrence. Figure 4.2 shows the time series
graph for the delay element, which illustrates ithieequent occurrence of the moving of the
machine. During the time study data collection, iagvester moved slowly through the stand
while performing operations tied to other elemerns,particular the tops element and the
processing element. These other elements were gnerity over the move component as they

were more closely related to the output of volume.
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Time Consumption Analysis of Total Study Duration

MOVE
DELAYS 1.1%
11.5%

SELECT
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Figure 4.1: Percentages of total cycle time, includg delays, of the harvester cycle time
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Figure 4.2: Series plot of the move element in thearvester study
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4.3.2 Harvester model development.

A time series analysis of the aggregate effectixdectime shows that the harvester system was

relatively stable over the study period. Figuredisplays the time series graph.

Series plot of effective cycle time
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Figure 4.3: Time series plot of the harvester timstudy

The model was developed using least squares rémmneissthe Minitab 16 statistical program.
The model was developed so thétycle Time = f(Harvested Vol) . Initially, parameters
were included in the model to account for the nundidogs cut from each tree, however this

only marginally increase the’Rdjusted statistic, and was considered an ovanpeterisation.
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A quadratic term was included in the model so that:

Harve; = Bo + B1Hy; + ﬁsziz

Where:
Harv,; = Aggregated effective cycle time (productivedjnof the harvester for thh tree (centimins)
H,, = Harvested volume of théh tree ()

Bo to B3 = parameters to be estimated from the regresgiobeing the y intercept.

The residual plots showed that the model did befreiin the quadratic term, particularly fitting
to the larger trees in the dataset. The resutts: fthe regression gave an overall significant
relationship between the independent and dependamdbles with a P value of <0.0001.
However, the coefficient of determination is quie at 34.22%, and the’Radjusted at 33.48%.
Examining the residuals, as illustrated in figurd, 4he low R value is due to the averaging of
the assortment volumes. If an individual measurdéroéthe volume of the logs harvested from
each tree had been taken, the data would be sprgadore along the model line. In the scatter
plots presented, the points are clustered into in m@ups. In each of these groups, the same
combination of assortments was harvested per Tiee.data higher up on the Y axis of each
cluster are likely to be farther to the right ore tX axis and closer to the model line, and
likewise, the data lower down on the Y axis forteatuster is most likely farther to the left on
the X axis, and closer to the model line. Therefdle quite possible that the model can account
for more variation than is reported by thé deatistic. It is important to note that the modeh
only be used within the range of independent végabrom which it has been developed, that is

from 0.038 i to 0.270 m. To extrapolate beyond these limits will resulimajor errors, as the
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guadratic equation used to describe the relatipndiy its very nature, will return values that

will become infinitely large as the model reachesaaymptote.
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Figure 4.4: Scatter plot of the effective cycle tim versus the harvested tree volume,
included is the plot of the harvester model describg the relationship
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The fit statistics for the quadratic model indicttat the residuals are normally distributed. The
residuals were tested with an Anderson Darling abdhy of fit, and gave a P value of 0.421.

The coefficients of the regression equation aremgin table 4.7.

Table 4.7: Parameter estimates for the harvester nu®l

Term Coefficient  Standard Error P value
Constant 56.429 4.92 0.000
Hv 24.473 87.631 0.780
Hv? 814.489 340.925 0.018

From the table of coefficients, it can be seen tiwat harvested volume variable was not
significant. However, the quadratic harvested vauterm has shown to be significantly
different from zero. According to Bonate (2006)aifjuadratic term is significant in a regression
model, the linear variable terms should also baimed. Therefore, the harvested volume
variable remains in the model.

A model for the prediction of the cycle time of tharvester as experienced in the trial is given
as:

Harv,; = 56.429 + 24.473H,, + 814.489H,, ?

To predict the harvesting cost per cubic metre @iog to the harvested tree volume and
number of pieces, the model can be extended tatstharvester machine rate of €128.7 per
productive machine hour. The utilization percentagach accounts for delays, is accounted for

in the productive hour cost.
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The average cost of harvesting per cubic metrebeagstimated from:

128.7
cost/m® = 11 /[(56.429 + 24.473H, + 814.489H,%)/6000]

H

Where:

H s = Harvester cost per cubic metre (€)

cost/m

The dbh distributions developed in chapter 3 weseduto generate data to input into the
harvester model. This simulated the productivityhaf harvester at different levels of mean dbh.
For each dbh generated, the dbh/height model guet taodel were applied to calculate the
harvestable volume of the tree (the assortmentifsons were as per table 3.4). The time to
harvest each tree was estimated from the modelttedme per cubic metre calculated. The
number of stems removed per hectare in the sinoalativas 751, as described in chapter 3.
Figure 4.5 below shows the delay free time to h&ineehectare at each mean dbh level. The
results show that the time ranges from 7 hours mean dbh level of 10 cm, to 11 hours at a
mean dbh level of 20 cm. The results concur with llarvester model that harvesting time

increases as tree size increases.
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Figure 4.5: Predicted delay free harvesting time pehectare of the harvester in Sitka
spruce plantations at first thinning

Figure 4.6 below illustrates the productivity ofetlharvester at each mean dbh level. The
productivity results range from 0.5°mper hour at a mean dbh level of 10cm, to 10°4er hour

at a mean dbh level of 20 cm. The productivityhsd harvester is very low at the smaller mean
dbh levels because many of the trees are so smaalhb assortments can be cut. In these cases,
the model predicts a mean harvesting time of 5érdimins, (approx 31 seconds) which is the y-
axis intercept in the model’s equation. This methias for every tree which cannot be processed
into logs, the harvester will spend an averagelo$&conds felling and discarding the tree. This
is where this technique of productivity estimatisrbeneficial, as predicting productivity on the
basis of standing volume estimates may not capheeaffect of the small non merchantable
trees. It would be incorrect to give the non menthble trees a zero harvest time, as the thinning
operation is primarily a silvicultural operatiomdaso a prescribed number of trees must be
removed. For instance, the results show that aeanndbh level of 10 cm, only 11.1% of the

trees harvested were of sufficient dimensions t@hoeessed into any assortments, 89% of the
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trees were of no commercial value as CTL produblistminen et al. (2006b) studied the
productivity of a harvester machine working in deniplantations during thinnings, and found
the harvester productivity ranged from approx. 3per hour to 16 rhper hour, depending on
tree size. Nurminen’s results are similar in seadd trend to the predicted harvester productivity

illustrated in Figure 4.6, corroborating the resdittund in this study.

Harvester productivity

10+

M3 per hour

10 12 14 16 18 20
Mean dbh (cm)

Figure 4.6: Predicted harvester productivity in Sika spruce plantations at first thinning

Figure 4.7 shows the cost pef produced by the harvester according to the stazmhndbh. At

a mean dbh of 10 cm, the cost of production is hégh at €285 per fAgain, this is a result of
the large proportion of non merchantable treehkiatdbh level. As mean dbh increases, it is only
at around the 14 cm mark that harvesting costsrbeaxceptable. At 14 cm dbh, the cost p&r m
of production from the harvester is estimated asgp€29. From this point, the change is more
gradual as mean dbh increases, at 17 cm mean dhtosh of production is €16 /*mat 20cm

mean dbh the cost is €12 F.ritable 4.8 details all the results.
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Cost per m3 vs Mean dbh
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Figure 4.7: Predicted cost of production for the havester in Sitka spruce plantations at
first thinning

Table 4.8: Simulation results for the harvester irSitka spruce plantations at first thinning

Delay free harvesting time

Mean dbh (cm) per hectare (hours) m’ per hour Cost per m’
10 7.1 0.5 285.2
11 7.1 1.0 128.0
12 7.2 2.0 65.3
13 7.3 2.6 49.0
14 7.5 4.4 29.5
15 7.8 5.6 23.2
16 8.1 6.6 19.4
17 8.6 8.0 16.0
18 9.1 9.1 14.2
19 10.4 10.1 12.8
20 10.8 10.4 12.4

4.3.3 Forwarder Time Consumption Analysis

A series plot of the data points show that the dhais distinct groups, as shown in figure 4.8.

This caused concerns that unmeasured site variatagsmpact on the study results. Differences
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in the average extraction distance, load volume, @iece count can be accounted for in the
model, however, unmeasured factors of the diffeeenbetween sites may cause under-
parameterization. To investigate this, a genenadi model (GLM) was used for an analysis of
covariates between the sites. The null hypothessted was that the productive cycle time
differences between the sites equaled zero, whgistad for the covariates of average distance,

load volume, and piece count.

Series Plot of Productive Cycle Time
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Figure 4.8: Series plot of the forwarder time study

The analysis of covariance (ANCOVA) in the GLM risundicate that the differences between
sites are significantly different at an alpha leg€l0.05 when adjusted for the covariates. This
suggests that variables inherent to each sitentbis not measured have an impact on the results.

The GLM ANCOVA results are detailed in table 4.9.
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Table 4.9: General linear model analysis of covartas for the forwarder sites

Source DF Seq SS Adj SS P
Average Distance 1 11969406 12296860 0.000
No of Pieces 1 1947651 4008035 0.000
Total Load Vol 1 4221649 2050346 0.000
Site 2 816526 816526 0.009
Error 26 1893111 1893111

Total 31 20848343

As a result, it was decided that the data for trevdrding model be confined to one site. Site 5
was chosen as it had the most data points collectée: study. The time study duration on site 5
lasted 56968 centimins (5.7 hours). A total of §8les were captured, the mean cycle time was
2998 centmins, with a minimum of 1327, and a maxmaf 4685 centimins. The mean average
distance of a cycle was 278 metres, the minimum S&snetres, and the maximum was 720
metres. Figure 4.9 illustrates the percentagesinoé ttonsumption for each element in the
forwarder cycle. It was found that the drive emptgment consumed 13.4% of the effective
time, which involved the forwarder driving from teacking area to the processed log bunches
in the forest. The loading element, which consistédilling the forwarder bunk and moving
between the log bunches in the forest, took 68.& %e time. The drive full element consumed
6.7% of the time, which involved the driving of tfmwarder back to the stacking area at the
forest roadside. The unloading of the logs from fhievarder bunk into stacks at the forest
roadside consumed 11.7% of the time. Interestirthly,drive full element time consumption is
lower than that of the drive full time element. @ention thought suggests that the machine
should travel faster when empty. However, it waseobed that, in general, the forwarder driver
made decisions about extraction on the journey tinoforest; identifying the log bunches and

best extraction routes. The forwarder would slowdaluring its journey as the driver observed
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the site and made these decisions. Once the foewdnahk was full, the forwarder operator

would drive directly back to the stacking areahwiit the need to make any other decisions.

Time Consumption of Forwarder Cycle Elements

Unloading Drive Empty
11.7% 13.4%

Drive Full
6.7%

Loading
68.2%

Figure 4.9: Percentages of the forwarder cycle timelements observed during the time
study

4.3.4 Forwarder Model Development:

The forwarder model was fit to the data using ardyriess squares regression in the Minitab 16
statistical package. The model was developed timtegrated with the taper and height models

in chapter 2, so that:
Cycle Time = f(Distance, Load Volume, No.of Pieces).
The distance and load volume are independent Jasidbat are set by site factors and machine

configuration respectively. The number of piecetependent variable will be a function of the

taper and height model in chapter 2. The linegregsion equation was estimated in the form:
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Forw; = By + [1Dist + B,Load,, + B;Piece,

Where:

Forw; = Forwarder productive cycle time (centimins)
Dist = Average extraction distance (m)

Load, = Load volume (rf)

Piece. = Piece count (number of logs in the load).

B, to B3 = Parameters to be estimated from the regresgiobeing the y intercept.

The regression has shown to be statistically dSiamt at an alpha level of 0.05. The P value for
the overall regression is <0.0001 Th&Rlue is relatively high at 90.04%. Thé &djusted is
88.0%. The fit statistics are given in table 4.TBe model did benefit greatly with the inclusion
of the number of pieces variable. If compared t@gression analysis where this variable was
left out, the R drops to 65%, and the’Rudjusted to 61%. Initially, a term was included tioe
interaction between the load volume and the nurobgreces. This interaction term was found
to be insignificant in the regression and was resdov his raised concerns, as it can be assumed
that the number of pieces will affect the load woéu Although it turned out to be insignificant

in this analysis, the interaction will be accountexdby the taper and height models from chapter
2. That is, the number of pieces required to fik forwarder bunk is a function of the log

volumes that are cut from the stem, and the sizbeoforwarder bunk.
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Table 4.10: Parameter estimates for the forwarder rmdel

Term Coef SE Coef P
Constant 850.48 298.90 0.012
Average Distance 491 0.44 0.000
Load Volume -224.37 70.02 0.006
No. of pieces 12.33 2.04 0.000

The analysis of the residuals from the equatiotetethe residuals for normality. An Anderson
Darling test has given a P value of 0.958 for tbemal distribution fit to the data, meaning that
the residuals are normally distributed. A model forwarding cut to length roundwood as

experienced in the trial is given as:

Forw, = 850.48 + 4.91Dist — 224.37Load,, + 12.33Piece,

The prediction of the average cost per cubic medrebe estimated, like the harvester model, by

adding the forwarder machine rate per productivehime hour of €100.3. The equation is given

below.
100.3
Forw ostyms = — :
Load,/[(850.48 + 4.91Dist — 224.37Load,, + 12.33Piece.)/6000]
Where:
Forwgoe/ms = Average forwarding cost per cubic metre (€)
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Similar to the harvester, the model was used withdbh distributions developed in chapter 3,
and the taper model and dbh/height model, to sitmullae productivity of the forwarder at
different mean dbh levels and extraction distantés.load capacity of the forwarder was set as
the mean load volume observed during the trialctviwvas 4.4 cubic metres solid volume. The
number of pieces per load was estimated by divitlegload capacity volume by the mean log
volume as predicted by the taper equation. Figur@ Below shows the cycle time per load from
the simulations. It is predicted that the forwagdoycle time will vary between 10 mins and 64
mins, depending on the mean dbh level, and theageeextraction distance. Tiernanal.
(2004) observed that cycle times for a forwardehvai 4 ni capacity were in the region of 20
mins to 48 mins, depending on the extraction detafiernan’s study was conducted in Ireland,

and shows results that are similar to the onesgisetlin this study.
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Figure 4.10: Predicted productivity of the CTL forwarder in Sitka spruce plantations at
first thinning
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Interestingly, it can be seen from the graph thatresults for the small dbh levels are not as
expected. According to the forwarder model, smallece sizes should cause a longer extraction
cycle. However, the results show that a stand witmean dbh of 10 cm will have a shorter
forwarder extraction cycle than stands with meah tdvels of 11 cm, 12 cm, or 13 cm.
Conventional thought suggests that the mean log slmould reflect the mean dbh level
accordingly, that is; the smaller the mean dbh,simaller the mean log size. An investigation
into this shows that at a mean dbh level of 10eny few trees have CTL product volume, and
the trees that do are on the upper side (righf) @tiéhe distribution. The dbh distribution is a
Weibull function (as described in chapter 3), ahdréfore, in the mean dbh levels just above
10cm, i.e. 11 cm, 12 cm, and 13 cm, a higher ptapoof the log volumes will be to the left

side of the distribution. Figure 4.11 illustrategstoccurrence.

It must be noted that the absolute volumes predlipgs hectare are very different for each dbh
level (table 3.7). At a mean dbh level of 10 cmydhcubic metres per hectare is estimated. At a
mean dbh level of 13 cm, this estimation is forci®ic metres. It's reasonable to suggest that
there is an effect on productivity from the low digy of log bunches distributed across the site.
The time the forwarder would have to spend trangllbetween small bunches of logs would

increase the cycle time. However this could nonestigated in this simulation study.
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Histogramof 10, 11, 12, 13 cmdbh
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Figure 4.11: Predicted distributions of CTL volumesfor 10-13 cm mean dbh levels for
Sitka spruce plantations at first thinning. X-axisis in m®
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The cost per cubic metre of the forwarder operasotetailed in figure 4.12 below. The results
are equivalent to the cycle time results, withabst of 100.3 per fincluded. The results show
a cost range from €23 to €7 at a mean dbh lev&Dom, depending on extraction distance. And

a range from €20 to €4 at a mean dbh level of 20cm.

Cost per cubic metre vs average extraction distance
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Figure 4.12: Predicted cost of production of the favarder in Sitka spruce plantations at
first thinning

4.4 Concluding remarks

A model has been developed to predict the prodixtwmd cost of a harvester working on a first
thinning Sitka spruce site in Ireland. The modeldependent variable is harvested volume,
which can be estimated for a forest from the datehiapters 2 and 3. The harvester productivity
has shown to increase as tree size increases, anrsely, the cost decreases as tree size
increases. The machine rate per productive madiooe has been estimated as €129, which
gave costs of between €285 and €12 euro per cubicendepending on the mean dbh level of

the stand. The way in which the data has beenatedefor the harvester model is not a very
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robust approach. The volumes of the assortmentaranedirect estimate. The mean volume for
the assortment on the site is used. It is quitsiptesthat the slope of the linear model would be
different if actual volumes were known. To measewvery individual log is not practical in the

field. In the conclusions chapter of this disséotat another method is proposed which could
possibly give a better estimation and could imprimtare model development. It must be noted
that the model can only be used for interpolataord not extrapolation, as the quadratic equation
used will predict unreasonable results for indepandariable values outside the range that were

used to develop the model.

A model was also developed for forwarder produttivising average extraction distance, load
volume, and number of pieces as the independenabkes. It was found that forwarder
productivity reduced with increasing extraction tdige. It was also found that forwarder
productivity reduced with decreasing piece sizes achine rate per productive machine hour
was estimated at €100, which projects costs ime¢gmn of between €4 and €24 per cubic metre,
depending on extraction distance, when extractmd)mean dbh level of the starid.general,
forest managers will want to delay thinning unhiettrees are of sufficient size that costs are
minimized. The models developed in this chapter melp inform forest practitioners of the
suitability of their stands for harvest, in ternfsbeing able to recoup costs. However, there is a
caveat that must be explicitly stated when usings¢hoperational cost based models as a
decision support tool: thinning operations arehaailtural practice, and so any decision to thin
must be primarily decided within the limits of gosilvicultural practice, or else future revenue

streams will be greatly affected.
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Chapter 5: Productivity and cost of roadside chippng of cut to length logs

5.1 Introduction

Across Northern Europe, chipping on the forest risacbnsidered the most traditional location
for the comminution of forest material. At the reat, chips are commonly blown directly into
large trailer trucks, making the operation vulnéab delays caused by the transport trucks, and
vice versa (Hakkila, 2004). In Italy it is commoagpé for chip producers to have a loader on site
with which the truck drivers can use to load tlmim trucks, making the system less susceptible
to delays as the chippers can produce the woodchipeaps on the ground (Spinelli and
Hartsough, 2001). The primary reason for chippihghe forest roadside is that the parent
material for most chips is forest residues; thentnas and tops of the harvested trees that are not
converted into roundwood products. These residuesxtracted to the roadside, stacked and
chipped. The chipping increases the bulk densityhef biomass for transportation (Hakkila,
2004). On the other hand, chipping of roundwoods Idgcreases the bulk density (Kent et al.,
2011). In Ireland, the extraction of forest res&lue the roadside for chipping has not been
greatly adopted as of yet, nor has the supply cha&n investigated to a major extent. The
majority of wood fuel suppliers operate a systenemghcut to length logs are used as the raw

material for woodchip.

The aim of this chapter is to evaluate the proditgtand cost of two chippers, a Musmax T8

and a Jenz 700, chipping cut to length logs atdrest roadside.
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5.2 Materials and Methods

A Musmax T8 powered by the PTO of a Valmet 165 Kittor, and a self powered 450KW
Jenz 700 chipper were trialed in this study. Botichines were Irish owned and operated. In
each chipping operation, the woodchip was bloweadlly into either truck trailers, or tractor
trailers, for transport directly to the consumeheTtrailers ranged in size from 3G o 80n.
The Musmax T8 was studied on four sites, Abbeyf@éal€o. Limerick, Ballybofey in Co.
Donegal, Bweeng in Co. Cork, and Woodberry in Calway. The Jenz 700 was observed on
one site only; Woodberry in Co Galway. It had bpiamned that the Jenz 700 would operate on
at least two other sites, however, on one site f(fiakeady in Co. Mayo), the gradient of the
forest road was too steep, and the chipper couldb@dowed into place, despite many attempts.
On the other site (Abbeyfeale in Co. Limerick), tantractor was unavailable to work. Table

5.1 details the site descriptions.

Table 5.1: Description of the sites used in the gbper study

Site Site Area Age Stocking Mean Dbh  Top Height Yield Class

ha years stems ha™ cm m m’ ha?yr?
Abbyfeale, Co. Limerick 9.8 20 2191 17 13.5 22
Ballybofey, Co. Donegal 21 13 2455 14 11.2 24
Bweeng, Co. Cork 10 17 2251 13 11.1 23
Woodberry, Co. Galway 26.6 17 2199 15 12.3 24

The chipping operations have only a few time elelsieand so, a stopwatch and field sheet was
used to carry out a cycle based time study. Boghpitoductive and unproductive time of the
chipping operations were recorded. A cycle of gpar was defined as the process of filling the
container into which the chipper was chipping, egher the truck or tractor trailer. Along with
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the time elements, a count of the number of logs aso recorded. Each cycle was divided into
the following elements:

» Waiting to chip

» Chipping

* Delay
The waiting to chip element involved the time speaiting for tractors or trucks to return to the
chipper for loading. The haulage system used tospart the material off site was not a part of
this study, and so any time spent waiting on tl@mdport vehicles was not considered as
effective time. The chipping element included théeping of the logs, and the movement of the
chipper along the stack as it chipped. The delamneht included any other time spent on
breakdowns or maintenance. In other literature, anguvering time element is sometimes
included to account for the relocation of the cleipfAsikainen and Pulkkinen, 1998). However,
in this study the stacks on each trial site, amir tlocation, required that the chippers only ever

moved a few meters at a time.

Relating the chipper cycle times to a unit of prthn was difficult. In order for the
productivity of the chippers to be compatible witle taper and dbh/height models developed in
chapter 2, the unit produced needed to be in cofgites of solid volume. A bulk volume to
solid volume conversion factor was developed farhemdividual cycle, and this was used to
estimate the solid volume in each trailer. The evswn factors were calculated using sample
data taken from each trailer during the chippirmg;every 7.5m bulk volume chipped, a 60 litre
sample was taken. The bulk density as receivechofi sample was estimated using a 50 litre
stainless steel pot. Three moisture content sulplesmwvere taken from each bulk density

sample. Moisture content was calculated on a weispasing the oven dry method at 105
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degrees Celsius. The bulk density as received wagected to bulk density dry matter using the
moisture content results. The ratio between buhsig dry matter and the basic density of the
wood was used to calculate the conversion factbe Basic density of Sitka spruce was not
measured in this study, but a value for first tiignSitka spruce of 447 kgfnas published in

Kentet al. (2011), was incorporated into the calculationse Tomplete process of estimating the

solid volume for a cycle can be described in theagign below:

(1 —=MC%;/100) x BDari)
Vsolidi = Vbulki X 447

Where:
Vsotia;= the solid volume () for theith cycle
Vpuik;= the bulk volume produced in tité cycle (bulk volume of transport trailer) In

MC%;= moisture content percentage on a wet basis &ittittycle

BDg,;= bulk density (kg/M) as received for thigh cycle

Other publications have related the productivitycbipping to piece size, that being the size of
the logs (or other form) being fed into the chipf®pinelli and Hartsough, 2001) .In order to
estimate the mean piece size per cycle in thisysting estimated solid volume in a cycle was
divided by the log count taken during the time gtudRegression analysis in the R 2.14.1
statistical package was used to investigate tregioakship between piece size and production

time.

The machine rate calculations were estimated usiagnethod by Miyatat al. (1980), as per
the harvesting studies in chapter 4. The assungtised in the machine rate calculations are

presented in table 5.2.
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Table 5.2: Machine rate calculation assumptions foroadside chippers

Musmax T8 Jenz 700
Rate Unit Amount Amount
Initial Investment Euro 205000° 475000°
Machine Power kw 165° 450"
Salvage Value % of investment 20° 20°
Salvage Value Euro 41000 95000
Economic Life years 5° 5°
Scheduled Operating hours hrs/year 2000° 2000°
Utilisation Percentage % 70° 65°
Productive Machine Hours hrs/year 1400 1300
Interest Rate % 8.5 8.5°
Insurance and tax rate % 4.0° 4.0°
Repair and Maintenance % of depreciation 120° 120°
Depreciation Euro/year 32800 76000
Average Yearly Investment Euro/year 139400 323000
Interest Euro/year 11849 27455
Insurance and Tax Euro/year 5576 12920
Maintenance and Repair Euro/pmh 28 70
Fuel Consumption Rate 0.11° 0.11°
Cost of litre of fuel 0.92° 0.92°
Fuel Euro/pmh 17 46

Lubrication Consumption
Rate 0.35° 0.35°
Lubrication Euro/pmh 6 16
Labour Euro/smh 15.5° 15.5°
Benefits Euro/smh 5.43° 5.43°
Overheads % % 5.0° 5.0°
Operating Profit % % 9.0° 9.0°
Ownership cost per SMH Euro/smh 25 58
Ownership cost per PMH Euro/pmh 36 89
Operating cost per PMH Euro/pmh 81 163
Operating cost per SMH Euro/smh 56 106
Overheads per SMH Euro/smh 4 8.2
Operating Profit Per SMH Euro/smh 8 15.6
Total Rate per SMH Euro/smh 93 189
Total Rate per PMH Euro/pmh 133 290

Sources: ® Pat Maloney, machine owner, b (Murphy et al., 2010), © (Kent et al., 2011) 4 Mark Hanley,

machine owner
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5.3 Results and discussion

5.3.1 Musmax T8 Time Consumption analysis

Table 5.3 details the individual cycle results foe Musmax time study. As many cycles as
possible were captured on each site, however, libelate volumes that were chipped on some
sites were small; the Abbeyfeale site only had ghamaterial for two cycles, the Bweeng site
only had enough for one. Unfortunately, on these sites, large containers of 8¢ mere used

to chip into. If smaller containers had been used,operations could have been segregated into
more cycles. A total of 26.5 hours were recordednd) the study, capturing 12 cycles. Between
80 n? and 50 m bulk volume was chipped in each cycle, dependimghe size of the transport
container, and in total, 735mf wood chip was produced in the study. The samaliesn from
each load estimated the mean moisture content rfaoge42% to 57%, and this estimated the
bulk density dry matter range of 127 kd/to 161 kg/nmt The bulk volume to solid volume
conversion factors for the Musmax T8 were estimébelde between 0.29 and 0.34. This gave a
solid volume per cycle of between 16.38tm 24.05 mi (also depending on the size of the trailer
into which the chipper was chipping). The waitireg ahip time element was not counted as
effective time, as the transport system in place m@t part of this study, and alternatives could
have been used (such as chipping into heaps). €l c&lement was also not counted as
effective time. Overall, the delay free productiv@e of a cubic metre of solid volume was
between 3 mins and 7mins. This equates to a privttyctange of between 9 and 20 cubic

metres solid volume per hour.
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Table 5.3: Individual cycle results for Musmax T8 ime study
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1 Abbeyfeale 1200 7032 648 80 248 48 130 0.29 23.24 0.042 303
2 Abbeyfeale 7132 11615 1240 80 289 54 134 0.30 24.05 0.029 483
3 Ballybofey 512 5948 632 60 281 52 135 0.30 18.14 0.036 328
4 Ballybofey 5425 6238 (] 60 298 57 127 0.29 17.10 0.032 365
5 Ballybofey 13928 6368 (] 60 314 56 138 0.31 18.57 0.034 343
6 Ballybofey 4243 6043 (] 60 324 59 132 0.29 17.69 0.033 342
7 Ballybofey 1020 8020 0 55 311 55 138 0.31 17.02 0.030 471
8 Bweeng 3062 10477 768 80 285 47 152 0.34 27.21 0.030 385
9 Woodberry 2640 9835 585 50 329 55 147 0.33 16.50 0.014 596
10 Woodberry 6550 9143 278 50 312 53 146 0.33 16.36 0.025 559
11 Woodberry 5503 7625 0 50 259 42 150 0.34 16.83 0.024 453
12 Woodberry 2580 12248 630 50 344 53 161 0.36 18.00 0.020 680

Figure 5.1 below illustrates the aggregated timesamption for the Musmax T8 during the
study. The majority of the time the machine wasdpatively chipping, accounting for 63.2% of
the time. Delays only accounted for 3%, while wagjtio chip accounted for 33.8%. The high
waiting to chip time was caused by the lack of #Hitient haulage system for the wood chip.
The chipper had to spend a large amount of timeirvgafor a haulage vehicle to return from
delivering the chip. A better system with more lage vehicles was not set in place as the study
was not a long term trial, and as the contract® ma accustomed to the logistics of chipping in

the forest, only a few haulage vehicles were engaoy
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Musmax Time Elements

Category
Delays [ Delays

4782, 3.0% o Chipping

[ waiting to Chip

Waiting to Chip
53795, 33.8%

Chipping
100593, 63.2%

Figure 5.1: Time consumption for Musmax T8 chippingat the forest roadside during the
time study

5.3.2 Jenz 700 time consumption analysis

Table 5.4 below details the time consumption anslgbthe Jenz 700 during the trial. A total of

13 cycles were captured, all on the Woodberry siitead been intended that the chipper would
also work on two other sites, however, site condgiand the contractor’s availability prevented
this (as explained earlier in the text). The stoelyorded 4.9 hours of the machine’s operation,
which captured 13 cycles. There was no delay recbrid the study as the machine was
constantly available for work. Two tractor trailengere used to haul the chip to a nearby
consumer; the trailers were 33 and 30 m bulk volume. The bulk density of the chip ranged
from 240 kg/ni to 320 kg/m. The moisture content of the chip ranged from 36%7%. The

bulk density and moisture content were used tanesé the bulk density dry matter for each
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load, which was estimated as having a range ofkgf7® to 198 kg/m. The bulk volume/solid
volume conversion factor was estimated to be betw@84 and 0.44, and these estimates
calculated the solid volume per cycle as being betw10.3 mhand 13.32 rh As per the
Musmax dataset, the waiting to chip element wascoanted as effective time. The delay free

production time per cubic metre solid volume wasnested to range between 71 and 110

centimins.
Table 5.4: Individual cycle results for Jenz 700 the study
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1 Woodberry 3085 950 0 30 300 34 198 044 1330 0.066 71
2 Woodberry 605 990 0 33 320 44 180  0.40  13.32 0.056 74
3 Woodberry 0 1017 0 30 293 41 174 039 1166 0.051 87
4 Woodberry 2132 927 0 30 302 38 186 042 1249 0.056 74
5  Woodberry 188 865 0 30 279 45 154 034 1030 0.027 84
6  Woodberry 337 902 0 30 295 45 161 036  10.83 0.028 83
7 Woodberry ~ 2855 1095 0 33 298 47 158 035 1165 0.038 94
8  Woodberry 735 1295 0 33 244 34 160 036  11.80 0.027 110
9  Woodberry 3147 1042 0 30 273 40 163 036  10.93 0.028 95
10 Woodberry 217 1150 0 33 225 30 157 035 1158 0.031 99
11  Woodberry 2423 1002 0 30 238 32 163 037 1096 0.037 91
12 Woodberry 447 1205 0 33 240 34 160 036 1178 0.034 102
13 Woodberry 0 1058 0 30 265 37 168 038  11.25 0.037 94

96



Figure 5.2 displays the time consumption analysighe Jenz 700 chipper over the study period.
It was found that the waiting to chip element actted for 55% of the time, which was actually
higher than the productive chipping element, whoaly accounted for 46% of the time. Again,

this illustrates the affect an inefficient haulaystem can have on the systems productivity.

Jenz 700 Time Elements

Category
[ waitining to chip
& chipping

Chipping
13497, 45.5%

Waitining to chip
16170, 54.5%

Figure 5.2: Time consumption for Jenz 700 chippingt the forest roadside during the time
study

5.3.3 Further Analysis: Development of productivitgdels

It was considered useful to parameterize the pitddtycof the chippers with the variable of
piece size. The productivity of the chippers caten be used with the data from chapter 2 and

3. The first concern that needed to be addressedthea evaluation of any site effect in the
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Musmax T8 data. As the data came from differerdssiany site effects would need to be
identified before a relationship could be describ&d analysis of covariance (ANCOVA) was

performed in a general linear model (GLM) in thenab 16 statistical software package. The
analysis was to identify any difference causedhgydite when the effect of piece size was taken
into account. The ANCOVA results are detailed ibléa5.5. The data shows that the piece
volume has a significant effect (p value 0.027)jlevBite does not when piece size is adjusted

for (p value 0.554). Analysis was carried out vathalpha level of 0.05.

Table 5.5: General linear model analysis of covartas for the Musmax T8 sites

Source DF Seq SS Adj SS F P
Piece Vol. 1 123129 29762 7.79 0.027
Site 3 8646 8646 0.75 0.554
Error 7 26757 26757

Total 11 158531

Next, the R 2.14.1 statistical package was useéavistigate the relationship between piece size
and production time. For both chippers, straighe linear equations fit the data best, and so the

models took the form of:

Production time per m® = B, + f;Mean Piece Vol.

The results from the regression analysis are @etail table 5.6. Both regression models are
shown to be statistically significant at an alpbael of 0.05. The Musmax equation has a high
R? value of 0.78, indicating a large amount of theatéon in the data is explained by the model.

The Jenz equation has afi ®alue of 0.56, indicating that less of the vadatin the data is
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explained by the model. No other variables weresuesl that could be used as independent

predictors of productivity, and so thé &f the Jenz model could not be improved.

Table 5.6: Parameter estimates for the roadside ghping models

Musmax lenz
Coefficient Estimate SE Estimate SE
Bo 858 73 116 7
By -14221 2411 -664 179
P value 0.00012 0.00346
R’ 0.78 0.56

A graph of each regression model is present inréigu3 and figure 5.4. An analysis of the
residuals shows that the Musmax data is normadifriduted around the model with a P value of
0.14 from an Anderson Darling test. The Jenz 7Gduals also have shown to be normally
distributed around the model with a P value of (0f®@2n an Anderson Darling test. The cycle
times of the chippers are predicted as being bete® mins per thand 2.7 min per fifor the
Musmax T8, and between 1.0 mins pérand 0.7 mins (42 secs) for the Jenz 700, deperuing
the piece size. Spinelli and Hartsough (2001) fopratuctivity trends for chipping machines
similar to the ones found here. In their studyytfeind the majority of conditions allowed the
chippers to operate at a rate of 1 tonne in lems fi® mins, while the larger chippers were able

to operate at a rate of approximately 1 tonne gar m
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Figure 5.3: Scatterplot of Musmax T8 data observeduring the study with a regression line
describing the relationship between mean piece vahe and production time per ni
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Figure 5.4: Scatterplot of Jenz 700 data observedudng the study with a regression line
describing the relationship between mean piece vahe and production time per n?
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Two models for roadside chipping productivity apesenced during the trial can now be given
as:

Musmax; = 858 — (14221 X Piece,,;)
Jenz, = 116 — (664 X Piece,,;)
Where:
Musmax, = Musmax T8 productive time (centimins) per cubietre solid volume
Jenz, = Jenz 700 productive time (centimins) per cubicrensolid volume

Piece,,; = Mean log volume ()

The cost of production can be estimated from thmedels by adding terms for the scheduled

machine cost per hour, so that:

133
M =
UsM@Xcost = 60 /[(858 — (14221 x Piece,y;))/100]
290
Jenzgose =

60/[(116 — (664 x Piece,,;))/100]

Where:
Musmax,s:= Musmax T8 cost per cubic metre of solid volume (€)
Jenz.,: = Jenz 700 cost per cubic metre of solid volume (€)

Piece,,; = Mean log volume (m?)

The dbh distributions developed in chapter 3 weseduto generate data to input into the chipper

models, to simulate the productivity of the chipgpat different levels of mean dbh. For each dbh
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generated, the dbh/height model and taper modeé vapplied to calculate the assortment
volumes present. The CTL product dimension spetibos used are described in chapter 3
(table 3.4). In this study, the pulp assortment wssd for chipping as it is the lowest value
product. The pallet and sawlog products, if presehbuld be sold to the mills. This will be
discussed further in chapter 8. The input to thppdr models (mean piece size) is calculated at
each mean dbh level as the average pulp log vohnedicted by the taper model. Figure 5.5
below illustrates the results. The Musmax model @aly predict up to a mean piece volume of
0.042n1, and therefore is only reliable for a portion loé tata. The Jenz 700 can predict for all
mean dbh levels. The results shows that the ¢gsbduction using the Musmax chipper ranges
from €6.9 / m to €8.7 / m. The results also show that the Musmax chippex Ist more
sensitive to a change in piece volume than the J460zchipper. The Jenz 700 is predicted as

having a cost of production of €4.6 f to €3.7 / m.
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Figure 5.5: Predicted cost of production of the rodside chippers chipping at the forest
road in Sitka spruce plantations at first thinning
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5.4 Concluding remarks

It has been possible to model the productivity lné Musmax T8 and Jenz 700 chipping
roundwood logs produced from a CTL harvesting syst€he chippers operated on the forest
road. The productivity estimates are calculatec aolid wood volume basis {nas this is the
unit that forest inventory estimates. Thus, theetagnd dbh/height models developed in chapter
2, along with the simulated datasets in chapteca®, be used directly with the productivity
equations developed in this chapter. It was founrad piece size was the most important factor
affecting chipper productivity. The two chippersetMusmax T8 and Jenz 700 are estimated to
convert one cubic metre of solid volume to woodddtia cost of in the region of €5.29 to €9.68,
and €3.31 to €3.69 respectively. As the chippereei@cated at the forest roadside, they were
unaffected by the majority of site conditions. Hoee if roadside chipping is to be used
extensively in Ireland, further investigations dme tforest road network and its suitability for
maneuvering both chippers and haulage vehiclespasition for chipping. Also, discrete event
simulation could be employed to model the intemactbetween the chippers and haulage

vehicles.
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Chapter 6: Productivity and cost of whole tree haresting and terrain chipping in a Sitka
spruce first thinnings

6.1 Introduction

Harvesting of small diameter trees may only beibdasvhen the method includes an integration
of merchantable log volumes and residues for enexrgyhe absolute log volumes will be small
(Asplund et al., 1999). Whole tree harvesting psmrns for this, as the non-merchantable stem
and branches are recovered. Typically, especialthe U.S. and Canada, the trees are felled and
pulled out of the forest and processed at the tapdrhis usually requires four machines; a
feller-buncher, skidder, loader, and processor. fEtler-buncher fells and aggregates trees for
the skidder, which drags these bunches to the dgndihe trees are converted into logs at the
landing by a processor and then are put onto & msing a loader. Even though whole tree
harvesting systems require more machines thanoclgngth systems, cut to length systems
require more financial investment due to their ctaxpparts and computerisation. However,
whole tree systems are more management intensvieamachines interact directly with each
other (Adebayo et al., 2007). Skidding of stemsafuhe forest can cause soil compaction and
damage as dragging trees can remove litter, exgpakan mineral soil beneath. Also damage to
the remaining crop often occurs, especially to ymunstems from the dragged material

(Hartsough et al., 1997).

The British Forestry Authority’'s Whole-Tree Harviest Guide (Nisbet et al., 1997) describes
how whole tree harvesting had not been traditigradacticed in the UK, however in the 1990’s
two systems were introduced, a one stage systemrrevitie whole tree is removed by skidder or
cable system, and a two stage where a cut to lesgitem is employed and the residues are
removed by the forwarder in a second pass. Thesterag were brought in for a number of
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reasons in the UK; it was perceived that the rerhof/dorash would make restocking quicker,
easier and cheaper, the woody material would bé&eted as fuel/mulch, and it improved the

visual appearance of harvested sites (Nisbet,e130.7).

In the case of pre-commercial thinnings where mamtdble material is not attainable in
sufficient volume to cover the cost of their protoig, terrain chipping systems can be used for
whole tree utilisation. Terrain chipping is a systevhereby a chipper is mounted to a mobile
machine which drives off-road into the forest, ¢hify the material as it moves. The system is
also often used for residues after clearfell. Psepouilt terrain chippers are typically built onto
forwarder chassis, and have a 10 to Zocomtainer into which the chips are blown. Whe, ful
the chip in the containers is tipped into a spes@dl chips forwarder which transports the chips
to the landing. Terrain chippers can also be ritiexd to existing machinery, where the chipping
mechanism is mounted, for example, on the threetdoikage of an agricultural tractor. On
smaller sites, a terrain chipper may work alonejling the material to the landing when full
(Savolainen and Berggren, 2000). Only using onehimacin this way for both chipping and
forest haulage, the cost of machine relocationsstcup/tear down is reduced. On smaller sites
this may make the thinning operation financiallghie. (Hakkila, 2004) Terrain chippers tend to
be too heavy for soft ground. Although there acgireements for terrain chipping equipment to
be as light as possible, there is a trade off betwghtness and strength and stability (Kofman

and Kent, 2009, Hakkila, 2004, Richardson, 2002).

Whole tree thinning using terrain chipping is exsigely used in Denmark in a 2 stage system. In
the first stage, motor manual operators (chaingaavjorm in a systematic line thinning. The
trees are directionally felled in the line with #ik butts facing the same direction. The trees are

left in the line to dry for a period of time, arfteh a terrain chipper drives up the lines chipping

106



as it goes. The chip is transferred to a chips &der which extracts the chip to the roadside. In
the second stage, a selection thinning is carnigdetween the lines using a feller buncher, and
the trees left in the line as before. The terra&ipging system is then used to chip the trees as pe

stage 1. There is usually a year between the tagest(Kofman and Kent, 2009).

The objective of this chapter is to estimate thedpctivity of whole tree harvesting of Sitka
spruce during a first thinning, and to make a fagaluation of the parameters affecting terrain
chipping of the whole trees. The modeling of aaerichipper and chips forwarder productivity

is done in a way that allows the discrete eventukition of the chipping system in chapter 7.
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6.2 Materials and methods

6.2.1 Motor manual line thinning of whole trees

Chainsaw felling of Sitka spruce whole trees durandine thinning was studied on 5 first
thinning plantation sites in Ireland. Table 6.1adlstthe site descriptions. The thinning removed
every 7' line. Different chainsaw operators worked on esith. The trees were felled in a
single direction onto the extraction rack so tHhatrae butts were facing the same way. It was
ensured that the tree butts were totally removerh ftheir stumps to prevent further uptake of
moisture from the root system. No cross cuttingelimbing took place, and the whole tree was

left intact on the forest floor.

Table 6.1: Site descriptions of the sites used ihe chainsaw felling study

Mean Top

Site Species Plot Area Age Stocking dbh height
ha year stems/ha cm m

Abbeyfeale Sitka spruce 3.2 20 2277 17 13.5
Ballybofey Sitka spruce/Larch 33 13 2210 14 11.2
Bweeng Sitka spruce 3.0 17 2566 12 10.8
Toormakeady Sitka spruce 35 16 2915 12 10
Woodberry Sitka spruce 4.8 17 1919 18 13.5

A continuous cycle based time study was carriedtowvaluate the time consumption of the
chainsaw harvesting. A husky hunter field computaming the Siwork3 time study software
was used to record the time elements of each c¥cleycle was defined as the operation of

felling one tree. Each cycle was divided up inte tbilowing elements;

» Select
o Fell

« Down
e Urea
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« Delays

As the thinning operation was purely systematie, gblection of the trees was pre-determined,
however, a selection time element was used to detter time taken to visually inspect the tree
and make decisions on the felling technique requifée fell element included the time required
to prepare the base of the tree, and to make Hggfeuts. The down cycle element recorded the
time take after the felling cuts were made to thmmant when the tree is presented lying in the
line with the butt totally removed from the stunife urea time element comprised of the time
taken to apply urea on the stump after the treefelkel. Each operator had a small hand sprayer

which was used to apply the urea.

Unfortunately, no dimensional measurements wereerntadluring the time study, and so
productivity of manual felling cannot be relatedatdunction of tree size. An approach that was
used in the IRLPACA model by Murphg al. (2010) was adopted; in cases where insufficient
data was available to relate productivity in culmetres to some tree dimension, Murphy used
the productivity unit of trees/hour. This alloweduldhy to predict the costs of the operation
based on the number of stems to be harvesteddtraéans that the cycle time does not change
as tree size increases or decreases, which is@ tmajtation to this study. It assumes that the
time to harvest a tree will be the same regardidsss size, and so productivity per®rwill

increase directly proportionally as tree size iases.

The machine rate calculations were based on theaudeatescribed by Miyatet al. (1980). The

assumptions for the machine rate cost of manuaidedre detailed in table 6.2 below.
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Table 6.2: Machine rate assumptions for motor manulafelling

Rate Unit Amount
Initial Investment Euro 650°
Machine Power kw NA
Salvage Value % of initial investment 20°
Salvage Value Euro 130
Economic Life years 0.8°
Scheduled Operating hours hrs/year 1500°
Utilisation Percentage % 60°
Productive Machine Hours hrs/year 900
Interest Rate % 8.5°
Insurance and tax rate % 4
Repair and Maintenance % of depreciation 700°
Depreciation Euro/year 600
Average Yearly Investment Euro/year 715
Interest Euro/year 60.8
Insurance and Tax Euro/year 28.6
Maintenance and Repair Euro/pmh 5.1
Fuel Consumption Rate NA
Fuel Euro/pmh 0.7
Lubrication Consumption Rate NA
Lubrication Euro/pmh 0.2°
Labour Euro/smh 16.5°
Benefits Euro/smh 5.8°
Labour Euro/pmh 27.5
Benefits Euro/pmh 9.63
Overheads % % 5°
Operating Profit % % 9°
Ownership cost per SMH Euro/smh 0.5
Ownership cost per PMH Euro/pmh 0.8
Operating cost per PMH Euro/pmh 431
Operating cost per SMH Euro/smh 25.9
Overheads per SMH Euro/smh 1.3
Operating Profit Per SMH Euro/smh 2.5
Total Rate per SMH Euro/smh 30.1
Total Rate per PMH Euro/pmh 50.2

Sources®Tom O’Dwyer, machine ownef(Murphyet al., 2010)
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6.2.2 Feller Buncher harvesting of selection ttestsveen the lines

Data from a study of a Silvatec 656TH feller-bunchvas used in this chapter. The study was
published by Kofman and Kent (2007), and is diseetpplicable to this chapter as the trial
included the terrain chipping of the trees in thend after the thinning. The raw data from this
study was received from the authors, and analysethis chapter. The feller buncher performed
a selection only thinning between racks which hiadady been harvested and chipped in a
previous line thinning. The study was carried outtwo Sitka spruce first thinning plantations.
The feller-buncher operated by reversing down eack, the operator selected and felled trees
from lines each side of the rack, and lay them dowmthe middle of the rack with the butt ends

all facing the same direction.

A husky field computer running the Siwork 3 softerawas used to record a continuous cycle
based time study of the operation. A cycle wasngefias the accumulation of a number of
stems, and laying them on the rack, signified ey ltheak point of emptying the felling head.

Each cycle was divided into the following elements;

* Move
* Select
e Felll
e Fell2
* Down
e Delays
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The move element comprised of the time spent tiageh the forest, without any other element
being performed. The select element involved theratpr identifying the next tree to fell, and
the positioning of the boom to the tree. The felafd fell 2 elements represent the time spent
cutting the trees from their stumps. No more tlvem trees were ever felled in a cycle. The down

element comprised of the placing of the accumutaitica horizontally in the middle of the rack.

Unfortunately, similar to the motor manual fellingp tree dimensions were recorded along with
the time study which can be used to relate theymtddty to tree size. Preliminary analysis of
regression with the mean site values showed nailusafnificance. The same method as the

motor manual felling was adopted, where produgtiviais estimated as trees/hour.

The machine rate cost calculations were estimasatyithe method described by Miyadaal.
(1980). The assumptions of the machine rate coghffeller buncher are detailed in table 6.3

below.
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Table 6.3: Machine rate calculation for the felletbuncher

Rate Unit Amount
Initial Investment Euro 265000°
Machine Power kw 110°
Salvage Value Euro 53000°
Economic Life years 6°
Scheduled Operating hours hrs/year 2000°
Utilisation Percentage % 75°
Productive Machine Hours hrs/year 1500
Interest Rate % 8.5°
Insurance and tax rate % 4
Repair and Maintenance % of depreciation 100°
Depreciation Euro/year 35333
Average Yearly Investment Euro/year 176667
Interest Euro/year 15017
Insurance and Tax Euro/year 7067
Maintenance and Repair Euro/pmh 23.6
Fuel Consumption Rate 0.062°
Cost of litre of fuel 0.92°
Fuel Euro/pmh 6.3
Lubrication Consumption Rate 0.35°
Lubrication Euro/pmh 2.2
Labour Euro/smh 15.5%
Benefits Euro/smh 5.425%
Labour Euro/pmh 20.7
Benefits Euro/pmh 7.2
Overheads % % 5°
Operating Profit % % 97
Ownership cost per SMH Euro/smh 29
Ownership cost per PMH Euro/pmh 38
Operating cost per PMH Euro/pmh 60
Operating cost per SMH Euro/smh 45
Overheads per SMH Euro/smh 4
Operating Profit Per SMH Euro/smh 7.0
Total Rate per SMH Euro/smh 84.3
Total Rate per PMH Euro/pmh 112.4

SourcesYMurphyet al., 2010)
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6.2.3 Terrain chipping of whole trees in a firghtiing

A 205KW Silvatec terrain chipper was trialled orufdirst thinning sites in Ireland, the site
descriptions are detailed in table 6.4 below. Rnasly on each site, a systematic thinning had
been performed where 1 line in 7 was felled by mbeiv operators. The trees had been felled in
a single direction, so that the terrain chipperld¢mperate as efficiently as possible. During this
trial, the terrain chipper drove down the felleakli feeding the whole trees butt end first with an
equipped grapple arm into a front-mounted disc péipBy chipping while driving, the chipper
was in constantly production while it moved. Thenkwf the terrain chipper had a volume
capacity of 17m When full, the bunk was unloaded into a chipsvinder for extraction to the
roadside. Ideally, the chips forwarder should retior the terrain chipper before its bunk was full

again, that way the chipper would not have to waiinload, and production could be constant.

Table 6.4: Site descriptions for the terrain chippe study

Site Species Plot Area Age Stocking Mean dbh Top height

ha year stems/ha cm m
Abbeyfeale Sitka spruce 3.2 20 2277 17 13.5
Ballybofey Sitka spruce/Larch 33 13 2210 14 11.2
Toormakeady Sitka spruce 35 16 2915 12 10
Woodberry Sitka spruce 4.8 17 1919 18 13.5
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A continuous cycle based time study of the terchipper was undertaken using a Husky Hunter
field computer running the Siwork 3 software. A leywas defined as the filling and unloading

of one bunk of the chipper. Each cycle was divioied the following elements;

* Move

» Chipping
* Unloading
* Waiting

e Delays

The move element comprised of the movement of thehine, when no other time element was
applicable. The chipping time element included tihee when the terrain chipper was actively
chipping as it moved down the lines. The waitingdielement was associated with any time
where the chipper had a full bunk, but could ndbad it to the chips forwarder as the chips
forwarder had not returned from the roadside ybe tinloading element involved the tipping of
a full chipper bunk into the forwarder for transadion to the roadside. The delay element
included any other time which was not applicabléhe other elements. Along with the time

elements, a count of the number of trees in eacle eyas also recorded.

Like the roadside chippers, it was beneficial floe pproductivity of the terrain chipper to be
expressed in cubic metres of solid volume. This ld@llow for the direct costing of machine
operations from stand volume predictions. In th@esananner as the roadside chippers, a bulk
volume to solid volume conversion factor was depetbfor each cycle. The conversion factor
was developed using samples taken from each loaakeT50 litre bulk density samples were

taken per load, which were each further sub-samipiedthree moisture content samples. The
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bulk density as received was converted to bulk itherisy matter using the moisture content

percentages, and the ratio between the bulk dedsjtymatter and the basic density of Sitka
spruce was used to calculate the conversion faggain, the basic density of Sitka spruce was
not measured in this study, but a value for finstriing Sitka spruce of 447 kgfras published

in Kentet al. (2011) was used. As per the roadside chippers;ah®lete process of estimating

the solid volume for a cycle can be described engtuation below:

((1 = (MC%;/100) X BD,,)
447

Vsotia; = 17 X
Where:
Vsotia;= the solid volume ( for the ith cycle
Vpuik;= the bulk volume produced in the ith cycle (butkume of transport trailer) (h
MC%;= moisture content percentage on a wet basis éittihcycle

BDg,;= bulk density (kg/M) as received for the ith cycle

Regression analysis using the Minitab 16 statistmackage was used to investigate the
relationship between productivity and mean pieze,sivhere piece size is the solid volume of
the whole tree. The mean piece size in a load wan&ed from the solid volume and the count

of the trees that was chipped in the load.

The machine rate calculations were estimated utiagmethod by Miyatat al. (1980). The

machine rate assumptions are detailed in the @ble
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Table 6.5: Machine Rate assumptions for the Silvateterrain chipper

Rate Unit Amount

Initial Investment Euro 650000°
Machine Power kw 205°
Salvage Value Euro 130000°
Economic Life years 6
Scheduled Operating hours hrs/year 2000°
Utilisation Percentage % 70°
Productive Machine Hours hrs/year 1400
Interest Rate % 8.5°
Insurance and tax rate % 4°
Repair and Maintenance % of depreciation 100°
Depreciation Euro/year 86666
Average Yearly Investment Euro/year 433333
Interest Euro/year 36833
Insurance and Tax Euro/year 17333
Maintenance and Repair Euro/pmh 61.9
Fuel Consumption Rate 0.11°
Cost of litre of fuel 0.92°
Fuel Euro/pmh 20.74c
Lubrication Consumption Rate 0.35°
Lubrication Euro/pmh 7.3c
Labour Euro/smh 15.5¢
Benefits Euro/smh 5.64°
Labour Euro/pmh 22.14
Benefits Euro/pmh 8.06
Overheads % % 5°
Operating Profit % % 9°
Ownership cost per SMH Euro/smh 70.4
Ownership cost per PMH Euro/pmh 100.6
Operating cost per PMH Euro/pmh 120.1
Operating cost per SMH Euro/smh 84.08
Overheads per SMH Euro/smh 7.7
Operating Profit Per SMH Euro/smh 14.6
Total Rate per SMH Euro/smh 176.8
Total Rate per PMH Euro/pmh 252.6
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6.2.4 Chips Forwarder productivity and cost

A 125 kW Silvatec chips forwarder was trialled aourf Sitka spruce first thinning sites in
Ireland. The site descriptions are detailed inga®l6. The chips forwarder was working in
tandem with the same Silvatec terrain chipper stlidin the previous section. Both operators
were in constant communication with each otherubho2-way radios so that the transferring of
woodchip from chipper to forwarder was as efficiaatpossible. The chips forwarder unloaded
the woodchip at the forest road into roll on-rdll containers. These containers were left on the
forest road by haulage trucks. The trucks could fhiek them up again once full. In Denmark,
several containers would be distributed on the stom@ad in order to optimize the chips
forwarder turnaround time. Similarly, road haulggeductivity could be optimized as long as
there were full containers in the forest. In thiigdy, if no containers were available, the chips
forwarder dumped the woodchip at the landing fdoading by excavator. By doing this, the
forwarder was not influenced by the logistics ¢ thaulage, and so prevented a knock on effect

up the chain to the terrain chipper.

Table 6.6: Site descriptions for chip forwarder stuly

Plot Mean
Site Species Area Age Stocking dbh Top height
ha year stems/ha cm m
Abbeyfeale Sitka spruce 3.2 20 2277 17 13.5
Ballybofey Sitka spruce/Larch 33 13 2210 14 11.2
Toormakeady Sitka spruce 35 16 2915 12 10
Woodberry Sitka spruce 4.8 17 1919 18 13.5

A stopwatch and fieldsheet were used to conductycecbased time study of the chips

forwarder. A cycle was defined as the operationtraielling from the roadside, loading
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woodchip from the chipper, transporting and unlogdt at the roadside. Each cycle was divided

into the following elements;

* Drive empty
* Loading

e Drive full

* Unloading

e Waiting

* Delays

The drive empty element comprised of the chips &der driving from the roadside unloading
area to the terrain chipper in the forest. The ilmgdhvolved the tipping of the chip load from
the terrain chipper into the bunk of the chips farder. The drive full element included the time
taken to drive back to the loading area with th@dvohip. The unloading element involved the
tipping of the wood chip load at the forest roadsi@/aiting happened frequently for the chips
forwarder, this element comprised of any time whie chips forwarder was waiting for the
terrain chipper to complete filling its bunk befdoading could commence. The delay element

included any other time which was not applicablartyg other element.

An important distinction must be made when assgstia productivity of the chips forwarder.
While the chips forwarder is waiting for the terraihipper, the system is still in a productive
state. Because the terrain chipper and chips faevainteract with each other, the system’s
productivity can only be investigated through deterevent modeling techniques, which will be
explored in chapter 7. While the chips forwardemigiting, it can be thought of as being

productive.
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The unit of productivity for the chips forwarder this section is cycles/hour. The chips
forwarder is designed to accept a full load frone tierrain chipper bunk. Therefore, the
productivity of the chips forwarder is directly agtd to the output of the terrain chipper. Again,
the productivity of the system as a whole must eeminined, as productivity figures for one
machine are meaningless without the other. The meachate calculations for the chips
forwarder was estimated using the method descrilyetiyata (1980), and is detailed in the
table 6.7 below. Regression analysis using the titini6 statistical software package was used

to investigate the relationship between cycle tand extraction distance.
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Table 6.7: Machine rate assumptions for the chipsofwarder

Rate Unit Amount
Initial Investment Euro 425000°
Machine Power kw 210°
Salvage Value Euro 85000°
Economic Life years 6
Scheduled Operating hours hrs/year 2000°
Utilisation Percentage % 70°
Productive Machine Hours hrs/year 1400
Interest Rate % 8.5°
Insurance and tax rate % 4°
Repair and Maintenance % of depreciation 100°
Depreciation Euro/year 56666
Average Yearly Investment Euro/year 283333
Interest Euro/year 24083
Insurance and Tax Euro/year 11333
Maintenance and Repair Euro/pmh 40.5
Fuel Consumption Rate 0.062°
Cost of litre of fuel 0.92°
Fuel Euro/pmh 11.98
Lubrication Consumption Rate 0.35°
Lubrication Euro/pmh 4.2
Labour Euro/smh 15.5¢
Benefits Euro/smh 5.64°
Labour Euro/pmh 22.1
Benefits Euro/pmh 8.1
Overheads % % 5¢
Operating Profit % % 9°
Ownership cost per SMH Euro/smh 46.0
Ownership cost per PMH Euro/pmh 65.8
Operating cost per PMH Euro/pmh 86.8
Operating cost per SMH Euro/smh 60.8
Overheads per SMH Euro/smh 5.3
Operating Profit Per SMH Euro/smh 10.1
Total Rate per SMH Euro/smh 1223
Total Rate per PMH Euro/pmh 174.7
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6.3 Results and discussion

6.3.1 Motor manual time consumption analysis

The duration of the motor manual felling time studgted for a total of 86528 productive
centimins, which equates to 14.41 hours. The bmakdand summary statistics are detailed
below in table 6.8. Between 88 and 288 cycles wapured on each site (858 cycles in total).
The minimum time to harvest a tree was 16 centimiife&e maximum observed was 503
centimins. Overall, across the five sites, the miae taken for a cycle was 118 centimins,

which equates to 1.18 mins.

Table 6.8: Summary of motor manual time study on ezh site

Mean Max Min

productive  productive  Productive

Duration time per timeina timeina

(productive No. of cycle cycle cycle

Site centimins) Cycles (centimins) (centimins) (centimins)
Abbeyfeale 15365 178 86 269 16
Ballybofey 22899 288 80 264 26
Bweeng 14944 100 149 503 20
Toormakeady 15762 204 77 188 23
Woodberry 17558 88 200 687 36

The time consumption analysis for each site isgreesl in figure 6.1. The least time consumed
on each site was the urea time element, which wései region of 12% to 14%. The down time
element was observed as taking between 20% and @&#4%our of the sites, while on the
Woodberry site it was remarkably higher at 43%. figher time experienced on the Woodberry
site was possibly due to the trees being the langethe study. The fell element consumed
between 21% and 36% of the time. The select timmeht was the most variable between sites,

where it consumed 26% of the time on the Woodb&tey and 42% on the Toormakeady site.
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Figure 6.1: Time consumption of chainsaw harvestingf whole trees as observed during the
study

Unfortunately, the productivity assessment of tlih tree felling by chainsaw can only be
applied as a fixed value. It cannot be used wightéiper and dbh to height models in the same
way the CTL harvesting machines or roadside chgppave been. The data only describes a
mean productive time per tree. The productive fimetree is estimated as 118 centimins (1.18
minutes). Other studies have observed similar tesvith other figures: Kofman and Kent
(2007) observed a productive time of 41 centimiastpee, whereas Spinelli and Magagnotti
(2010) developed equations which, using a 60%zatilbn percentage, predict a productive time
of 91 centimins for a tree with a dbh of 10 cm, 8@ centmins productive time for a tree with

a dbh of 20 cm.
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The thinning as prescribed to the CTL harvestechapter 5 was a line and selection thinning
consisting of a removal density of 32% from a tstakking of 2346 stems per hectare. In the
line thinning, 1 line in 7 was removed. This is ffeetion of the crop that would be harvested by
the motor manual felling. This represents 14.3%heftotal stocking, 335 trees. Using the
productive time per tree, the time to line thin dreetare is estimated as 6.59 productive hours.
Applying the machine rate per productive machinertad €50.2, this estimates the cost of the

line thinning using motor manual felling as beir88€ per hectare.

6.3.2 Feller buncher time consumption analysis

The feller buncher was trialled on two sites; Freark and Swan. The total duration of the
feller buncher time study lasted for a total of &3 €entimins, which equates to 9.62 hours. A
total of 786 cycles were captured during the stddble 6.9 details the basic statistics for each

site.

Table 6.9: Descriptive statistics of the feller bucher time study

Mean Max Min

productive  productive Productive

time per timeina time ina

Duration No. of cycle cycle cycle

Site (centimins) Cycles  (centimins) (centimins) (centimins)
Swan 32333 422 33 831 6
Frenchpark 25410 360 38 193 7

The time consumption analysis of the feller bunaketetailed in figure 27 below. The moving
and selection elements took up roughly half ofttivee. The fell 1 element consumed 8% of the
time on the Swan site, and 11% on the Frenchp&kAilarge proportion of the time, 37%, was

attributed to delays on the Swan site, while theswnuch less, 9%, on the Frenchpark site. A
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similar portion of time on both sites was consurbgdhe down element, 20% on the Swan site,
and 27% on the Frenchpark site. The fell 2 elemehich involved the felling the second tree in

an accumulation, only accounted for 0.7% to 1.5%hef time in the study. Further analysis

shows that very few cycles accumulated more thared. Of the 422 cycles observed on the
Swan site, only 18 cycles accumulated 2 treesoéite 360 cycles observed on the Frenchpark
site, only 8 cycles accumulated 2 trees. This exput a mean of 1.042 trees per cycle on the
Swan site, and a mean of 1.022 trees harvestedyptr on the Frenchpark site. The average
values between the two sites are 36 centimins yide cwith an average of 1.032 trees harvested

per cycle.

Swan Frenchpark Category
= Move
@ select
& Fell 1
[ Fell 2
[ pown
8.7% [ Delay

26.7%

0.7%

1.5% 7.6%

Figure 6.2: Time consumption analysis of the fellebuncher as observed during the study
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Similar to the chainsaw felling, the feller bunchmoductivity was assessed as a fixed value.
Applying this productivity to the same prescriptias the CTL harvester, the fellerbuncher will
remove 17.8% of the stems. The total removal dgnsi32%, the chainsaw felling removed
14.3% in the line thinning. The remaining selectrepresents 17.8%, 415 trees. The average
cycle time is estimated 36 centimins, which equ&be$66 cycles per hour. On average, 1.032
trees were harvested per cycle, which estimatepribguctivity of the fellerbuncher as 177 trees
per hour. Using the selection thinning density df54trees per hectare, this estimates a
productive time per hectare of 2.34 hours. The peshectare can then be estimated by applying
the machine rate per productive machine hour of2€l,1which gives a cost for selection
thinning with a feller buncher of €264 per hect@pinelliet al. (2007) studied a feller buncher
operating in a mixed Pine, Birch and Spruce forasti observed a average productivity of 260
trees per PMH. The results published by Spiretlél. are not too dissimilar to the data used in

this study, verifying that the data is of suffidieuality for this study.

6.3.3 Time consumption analysis of the Silvateaiarchipper

The Silvatec terrain chipper was trialed on fotesi Before any relation between productivity
and piece size, it was necessary to identify if aig effect was present. The Minitab 16
statistical package was used to perform an anabysisvariance (ANCOVA) in a general linear
model (GLM). The analysis was uses to show theifsigmce of any site effect on productivity
when the effect of piece size was taken into accollre ANCOVA results are detailed in table

43. The data shows that the piece volume has Hisagt effect (p value 0.000), while site does
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not when piece size is adjusted for (p value 0.Adalysis was carried out with an alpha level of

0.05. The results are detailed in table 6.10 below.

Table 6.10: Analysis of covariance for the Silvateterrain chipper time study data

Source DF Seq SS AdjSS  AdjMS F P
Mean piece vol.

(m3) 1 59797 46623 46623 27.21 0.00
Site 3 4772 4772 1591 0.93 0.44
Error 28 47974 47974 1713

Total 32 112543

The time consumption analysis of the terrain chipgh&ring the study is detailed in figure 6.3
below. The study captured 33 complete cycles, @ twit8.25 hours. The results show that the
chipper was actively chipping 55% of the time, amébading into the chips forwarder took 10%
of the time. Infrequent moving of the chipper, beén lines etc. consumed 13% of the time.
Delays accounted for 22% of the time. The waitintgetelement is not included here, as this is a

direct cause of the chips forwarder, and will bedeled in chapter 7.

Category
= Move
= chipping
[ unload
[ pelay

Move

Unload
9.6%

Chipping
55.3%

Figure 6.3: Terrain chipper time consumption as obsrved during the study
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Table 6.11 below details the individual cycle réswecorded during the terrain chipper study.
The wait time (time spent waiting for the chipsvwiarder) is not included as it is caused by the
machine interaction, and will be modeled in chagtefhe mean bulk density of the wood chip
was 291 kg/my and the mean moisture content observed was 4fgniean bulk density of dry
matter was estimated at 154 kd/mihis gave the Silvatec terrain chipper a delag foroductive

time range of between 61 and 301 centimins per m
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Table 6.11: Individual cycle results from the terran chipper study
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Abbyfeale 262 43 149 0332 5.5 0.17 183
Abbyfeale 340 55 155 0.346  5.88 0.14 217
Abbyfeale 263 44 149 0.333  5.66 0.14 301
Abbyfeale 273 45 150 0335  5.70 0.11 287
Abbyfeale 262 43 150 0336  5.71 0.16 177
Abbyfeale 267 43 152 0.340  5.78 0.14 283
Abbyfeale 249 41 147 0328  5.58 0.12 202
Abbyfeale 231 36 147 0329 5.9 0.11 294
Abbyfeale 258 42 150 0337 572 0.15 192
Ballybofey 201 50 145 0.324 5.1 0.09 210
Ballybofey 316 55 143 0320  5.43 0.10 172
Ballybofey 282 51 139 0311  5.28 0.09 249
Ballybofey 279 51 136 0304  5.16 0.11 284
Ballybofey 201 51 142 0317  5.39 0.09 188
Ballybofey 280 49 142 0317  5.39 0.39 71

Ballybofey 272 49 139 0311  5.29 0.11 219
Ballybofey 280 48 145 0325  5.52 0.10 228
Ballybofey 275 48 142 0318  5.41 0.09 218
Ballybofey 264 45 145 0.324 5.1 0.09 254
Ballybofey 282 50 142 0317 5.9 0.08 299
Toormakeady 296 49 152 0.340  5.78 0.12 290
Toormakeady 301 49 152 0.341  5.79 0.10 197
Toormakeady 401 49 204 0.456  7.76 0.14 213
Toormakeady 299 46 161 0361  6.13 0.38 61

Toormakeady 292 46 157 0352 5.99 0.13 229
Toormakeady 311 49 160 0.358  6.08 0.11 200
Woodberry 332 45 181 0.405  6.88 0.18 131
Woodberry 305 43 173 0.387  6.58 0.16 181
Woodberry 316 47 166 0372 6.32 0.18 229
Woodberry 327 49 168 0376  6.40 0.22 184
Woodberry 295 46 159 0.357  6.06 0.26 173
Woodberry 316 48 165 0.368  6.26 0.28 158
Woodberry 301 42 174 0390  6.64 0.37 151

6.3.4 Silvatec terrain chipper productivity modeldlopment

The Minitab 16 statistical package was used to stigate the relationship between the
independent variable of piece size and the deleg éycle time per fn However, because the

loading element is an interaction of two machinesyas modeled as a separate entity. If the
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loading time was included in the linear regressihis time element would be accounted for

twice when estimating the system productivity. Thill be discussed further in chapter 7.

The unloading time for the terrain chipper was gs&d using the stat fit statistical software. An
Anderson Darling test found the data to fit thenloignal distribution significantly at an alpha
level of 0.05. The lognormal parameters were fotmdoe u=0.254 ando=0.408 (data in

minutes).

The productivity of the terrain chipper accordimgpiece size is displayed in figure 6.4. The
regression was found to be statistically significainan alpha level of 0.05. Thé & the model
is 0.44. No other variables were measured thaddoybrove the model. The equation of the line

is given as:

Silvatecy = 249.2 — 434.2Piece,;

Where:

Silvatec,= delay free cycle time of the terrain chipper (imatuding loading) in centimins per
m® solid volume.

Piece,,;= solid volume in cubic metres of the mean trea ioad
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Figure 6.4: Scatterplot of Silvatec cycle data (nanhcluding loading) with a regression line
describing the relationship between mean piece vaie and time chipping per load

6.3.5 Time consumption analysis of the Silvatepsliorwarder

The time consumption for the chips forwarder isadedl in figure 6.5 below. The study captured
53 cycles of the chips forwarder, a total of 26duts. The large wait time may not be truly
representative of the waiting for the chipper fdr @cles. There may be a number of
confounding factors; whenever the chipper is inetayl state, the forwarder will experience a
long waiting element. Also, no delay was obsenaditlie chips forwarder as the driver was in
constant communication with the chipper, and dutivggstudy, managed to deal with any minor
maintenance or personal issues during a waitinggerThe drive empty accounted for 17% of
the study time. The loading time was relatively Bna only 3%. Similar to the CTL forwarder,
the drive full time was shorter than the drive eyriphe, at 14%. This is for the same reason as
experience in the CTL forwarder study; the forwardeiver observed the site and made

decisions on the journey into the forest aboutlibst extraction route to take on the way out
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once loaded. After loading it was only a mattedn¥ing directly along this route. Unloading at

the roadside consumed 4.5% of the total time.

Category
[ Drive Empty
[ Loading
[ Drive Full
[ unload
I wait

14.3%

61.7%

Figure 6.5: Time consumption analysis of the chiprwarder as observed during the study

Regression analysis was performed using the Minitébstatistical software package. The
analysis investigated the relationship between needmction distance and productive time per
cycle. As per the terrain chipper, the loading tiimethe chips forwarder was not included in the
analysis. Nor was the waiting time, as this elemisnta direct response to the machine
interactions, and will be modeled in chapter 7. $hatter plot of the data is represented with a

fitted regression line in figure 6.6.
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Figure 6.6: Scatterplot of chips forwarder cycle tne versus average extraction distance
with regression line describing the relationship beveen average distance (m) and time per
load

The regression analysis shows a significant relatipp between average distance and cycle
time, which has a P value of 0.000. TheiRreported as being 63.5% and theadjusted as

being 62.8%. The fit statistics for the regressiom displayed below in table 45.
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Table 6.12: Fit statistics for the chips forwardermodel

Standard
Predictor Coefficient Error P
Constant 353.25 90.75 0.0000
Average Distance 2.9004 0.3205 0.0000

The model takes the simple linear equation:

Chips Forwarder, = 353.25 + 2.9004Average Distance
Where:

Chips Forwarder;= delay free cycle time (centimins) of the chipsafarder elements: drive empty,
drive full and unloading.

Average Distance = Average extraction distance in metres.

6.4 Concluding Remarks

Models were developed to predict the productivityhe terrain chipper and chips forwarder
operating in Sitka spruce first thinning in Irelamtbwever, the machines operate in tandem
together and the productivity of the machines ierfice each other. For the system productivity
to be assessed, discrete event modeling must dewbk&h will be discussed in chapter 7. The
machine rate per scheduled hour for the machin€$76 per hour, and €122 per hour
respectively. This estimates the overall system pat scheduled machine hour at €299. The
whole tree harvesting productivity figures wereegsas a mean figure per hectare. The motor
manual cost has been estimated at €330 per hettadeller buncher cost has been estimated

at €264 per hectare.
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Chapter 7: Discrete event modelling of the Silvateterrain chipping system

7.1 Introduction

Harvesting systems where machines operate indepéyndare described sufficiently by

deterministic models, for instance, a harvester anfbrwarder may operate on completely
separate occasions and so an independent modedhrmachine will describe the system well.
This is the basis for all the machine productivitpdels developed in this dissertation so far.
However, in a harvesting system where the machimesact with each other, discrete event
modelling will provide more accurate results (Bjeden, 2008 as cited in, Spinelli and Picchi,

2009)

All operational systems are stochastic, whethenairthe models describing them incorporate
this. The productivity model for the harvester deped in chapter 4 is a deterministic static
model. The system has random variability aroundntbéel, but the model describes the system
average through a linear function. If a stochaskinent is added to the model to describe this
variability, the model is no longer deterministoait is still static, as it does not matter when the
random events occur. Only when a model uses time aariable, does it become a dynamic
model. A dynamic model can also be deterministithe model is simply projecting an average
over time (Leemis and Park, 2006). A dynamic awndtsistic model is a model where the point
in time when a random event occurs has consequenb&sscan be described through discrete

event simulation.

Discrete event simulation is the modelling of sgstevhere variables change at discrete points

in time only, as apposed to continuous systemsdii@hge constantly over time. However, it is
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possible to model continuous systems with disoegent models (Banks and Carson, 1984). An
easy way to make the distinction between discretecntinuous modelling is an analogy of a
tank filling with water; as the water is filling ¢htank, the state of the tank is continuously
changing until full. If this was to be described thgcrete events, the tank would have three
states; empty, filling, and full. This can also d&y@plied to forest operations. For example, the
movement of the forwarder along an extraction iack continuous event, however, if forwarder

movement is represented abstractly as a single, statiscrete event can describe this.

Banks and Carson (1984) give an excellent desoripgf the difference between discrete models

and the static type models developed thus farigndissertation.

“Simulation models are analysed by numerical rathan by analytical methods. Analytical
methods employ the deductive reasoning of mathemat “solve” the model. For example,
differential calculus can be used to determine hirimum-cost policy for some inventory
models. In the case of simulation models, which lesnpumerical methods, models are “run”
rather than solved; that is an artificial historfy the system is generated based on model
assumptions, and observations are collected tonlaéyssed and to estimate the true system

performance measures”.

To develop a discrete event model, the discretetevmust be fitted together in a series of
logical conditional statements that mimic the realrld system. The form of the conditional

statements is given by Pidd (1989) as:

If [condition] then [contingent actions]
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There are a number of purpose built computer progréor developing discrete event models.
These allow for fast simulation time and ease oildburhe programs also allow for the

development of models without first requiring a dmoknowledge of computer programming.
Understanding the conditional argument form setlyuPidd (1989) and stochastic probability

distributions is sufficient to build a model in tB&mul8 software package.

Discrete even modelling has been used to modektfdrarvesting and forest supply chain
systems over the last few decades. Heg@l. (2009) used the commercial discrete event
simulation software Arena 9 to model the supplyicid saw logs in South Africa. Time studies
of harvesting, extraction, processing, and loadiaghines were taken, and the data used in the
model. The systems trialled used skidders to eixtvaiole trees to the landing, where processors
crosscut and delimbed the trees. Loaders thereglt#te logs onto transport trucks. With all
these machines depending on each other to opéhatauthors were able to use discrete event
modelling to carry out cost comparisons of thermoptinumber of machines to use in the system.
Vaatainenet al (2006) used discrete event modeling to investighte competitiveness of
harwarder machines in cut to length operationsimakd. Harwarders are machines that both
work as a harvester and forwarder, and so themystes only one machine. The authors took
data which had been previously collected in otlediss, and used discrete event simulation to
identify conditions that were suitable for the harder machines. The authors used the
WITNESS simulation software. Cavall@ al (2010) studied the effect of the forest road
network on energy wood production in Italy, alstngghe WITNESS discrete event simulation
software. The authors first performed detailed pobdity studies on the extraction and
processing of trees at the landing. Using disaegtnt simulations, they were able to investigate

the impact of the forest road network, and alsolthifer area (space available for material to
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accumulate) around the processors, on the prodiyct¥ the system. The buffer area of a
harvesting system was also a concern for a studyedaout by Asikainen (2001) The study
investigated barge transportation of logs from @sdoeing harvested on small islands in Finland.
Forwarders extracted logs from the forest, and age#d them onto barges on the water system.
At the unloading point, buffer rafts were used Isat the forwarders could keep extracting when
the barges were in transit to the mill. Discretergwsimulations were used to identify the number
of barges needed to maintain a productive systemmceg¢asing transport distances, as once the
buffer raft was full; the forwarder could no longaperate. Talbot and Suadicani (2005) used
discrete event modeling to compare terrain chipggpstems under different conditions. Two
systems were compared: a SOLO system where thaintechipper worked independently
chipping and extracting to the landing, and a DWStem where woodchip was transferred to a
chips forwarder for extraction. Talbot and Suadiaased both time study data and machine
specifications for the machine productivities, modgthe system in the SAS statistical software

package.

The objective of this chapter was to estimate troelgctivity of the Silvatec terrain chipping
system in Sitka spruce first thinnings in Irelafitie study aimed to estimate the productivity at

different levels of two factors: the mean dbh stand, and the mean extraction distance.

7.2 Materials and methods

The discrete event simulation softw&ienul8 (Simul8 Corporation, 2010) was used to model
the system productivity of the terrain chipper dhe chips forwarder. Simul8 has a graphical

user interface allowing models to be built up withdhe user needing any programming
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knowledge. If required, the visual logic code canddited by the user, but in the case of the
model built in this study it was not needed. Then88 software uses icons (called work centres)
that are selected and dragged into a simulaticen @md linked together in the logical order of the
real world system being modelled. Work items (upitsvork) flow into the model from a work
entry point, and flow out at a work exit point. Bagork centre has parameters that are set by the
user to define how and when work passes througlwtrk centre, e.g. the time taken for a unit
of work to pass through the work centre. The valokethe parameters can be fixed, random,
follow a probabilistic distribution or formula. Mas can also be sampled from external sources
such as databases and spreadsheets. Figure 7vi dhisjdays the simulation window of the
model built in this study. It consists of three maiork centres: chipper, loading interaction, and
forwarder. The other work centres are dummy centmdsch are used to control logic in the

model.
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Figure 7.1: Simul8 graphical user interface
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The model built in this study uses the productiqnagions developed for the terrain chipper and
chips forwarder in chapter 6, and the whole trdame datasets simulated in chapter 3. There
are five input elements controlling the model:

* The individual whole tree volumes

* The chipper production time

* The transferring time between the chipper and fodera
* The distance of extraction to the roadside

* The chips forwarder production time

» Delays
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The logic to how the model elements fit togethetascribed below. For each load that

system produces, the following process occurre

~

*The work items that flow into the model represent individual trees being
- chipped. Each work item is assigned a volume. The values assigned to the work
Individual items are calculated using the taper and dbh/height equations, and the dbh

whole tree distributions which were developed in chapter 1 and 2.
volumes

J

*The work items are collected by the terrain chipper until the sum of their
volumes reaches a set threshold: the capacity of the terrain chipper's bin (set
to 5.85m3 in this study) The capacity volume divided by the count of work
items to reach capacity is used as the mean piece volume. All the work items
are amalgamated into one item representing a full load of 5.85m3 solid
volume. This is routed out to the chips forwarder. The production time is then
calculated from the linear equation developed in chapter 5, which uses mean
piece size as the independent variable /

~N

Chipper
production time

*The time to transfer a load from the terrain chipper to the chips forwarder is
randomly generated from a lognormal distribution: average of 0.25 and a
Loading standard deviation of 0.408, as described in chapter 5.
Interaction
J
eForwarder production time is calculated from a linear equation developed in
chapter 5 which uses average extraction distance as the independent variable.
The average extraction distance is randomly sampled from a uniform
Forwarder distribution where the lower limit is set at 50 metres, and the upper limit is set
production time| 35 twice the mean extraction distance for the stand. Y,

Not all elements in the real world system can dgert the same time, and so, rules
implemened so that the model mimics this i.e. the work gerannot move from the chipg
work centre until the chips forwarder work centsereéady to accept them, the chipper w
centre cannot operate while the loading interactuonk centre is operating, arsimilarly, the

forwarder work centre cannot operate while the ilogehteraction work centre is operatir
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Delays are accounted for according to the utilsafiercentage of the machines, in this study
70% for both the terrain chipper and chips forward®imul8 uses distributions that are
commonly used in manufacturing processing to diste the delays; negative exponential for
the distribution of the delays, and Erlang 2 fog town time. It is also possible to define delay
distributions for Simul8 to use, but as there wasextensive investigation into the terrain
chipping delays, it was considered best to useirthbuilt system. To correctly account for
delays, the work centres were grouped and a delsigreed to the group. This was required as
the real world machines were being represented dne rthan one work centre, and the machine
interaction work centre represented both the terchipper and the chips forwarder at the same

time.

The model was used to investigate the productivitg Silvatec terrain chipping system under
different conditions. Two factors were investigatéiole mean dbh of a stand, and the mean
extraction distance of a stand. The mean dbh fdzdrll levels: 10 cm to 20 cm inclusive. The
Silvatec chipper specifications state that the nmects capable of chipping material up to 35 cm
in diameter. The largest dbh as predicted by thedistributions in chapter 3 is in the region of
31 cm, and so the Silvatec should be capable gipahg all stems. The mean extraction
distance had 10 levels; 100 m to 1000 m inclusivdull factorial experimental design was
constructed in the Minitab 16 statistical progrdihe design tested the system at every possible
combination of the factor levels, 110 combinatioRer each combination, 5 replications were
made with the Simul8 software using a differentd@n number stream, so that the results could
be compared statistically. The run time for the elagdas 110 hours for each replication; the
warm up period was 10 hours, and the results daleperiod was 100 hours. A warm up period

was used as it allows the model to reach a stéhle kefore results are collected.
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7.3 Results and discussion

The results from the simulation experiment show tah factors: mean dbh of the stand, and
mean extraction distance of the stand, causedtitatly significant effects on the responsé (m
per hour). The analysis also shows that the me&maation distance and mean dbh have an

interaction effect on the productivity. Table 7dtalls the results.

Table 7.1: Analysis of variance of the full factoral design experiment of the Silvatec terrain
chipping system

Source DF Seq SS Adj SS Adj MS F P
Mean dbh 10 178.68 178.68 17.87 233.41 0.000
Mean extraction distance 9 10069.14 10069.14 1118.79 14614.7 0.000
Mean dbh*Mean extraction distance 90 312 312 3.47 45.29 0.000
Error 440 33.68 33.68 0.08

Total 549 10593.52

An interaction plot of the factors is displayed figure 7.2. Each data point in the graph
represents the mean of 5 replications of each factmbination. The graph shows that mean dbh
has an effect on productivity at short extractiostahces, but as distance increases, the
difference due to mean dbh lessens. This is becassthe extraction distance increases, the
terrain chipper reaches its capacity of 5.85mits bin, and cannot chip any longer until thed

is transferred. At short distances the chips fodsars ready for loading by the time the chipper
is full. Tree size affects the system productivityder these conditions, as the faster the chipper
can fill its load, the faster the system as a wheleperating. At longer distances, the chipper
must stop once its capacity is reached, and waithi® chips forwarder to return. Under these
conditions, it is solely the forwarder productivigffecting the system, as no matter how
productive the chipper is, it must stop and waittfee forwarder to return. It is also worthy to

note, that in the graph the data points (whiches@nt the mean values of 5 replications) are
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shown to be merging closer together as extractistamce increases, but the individual data
points for each group are actually increasing inaree. An analysis of the data has shown that
the standard deviation within each grouping inaceeass extraction distance increases. This is a
response to the system becoming more sensitivebteakdown or delay cause by one, or both,
of the machines. A scatterplot of each individual rs presented in figure 7.3 to illustrate this,

and to show the variability of the data in general.
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Figure 7.2: Interaction plot of the simulation resuts for the Silvatec terrain chipping
system productivity (m® per hour)
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Scatterplot of m3/hour vs mean extraction
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Figure 7.3: Scatterplot of n? / hour vs. mean extraction, using the data from ezn
replication from the simulations of the Silvatec terain chipping system

It is possible for discrete event simulation to tcag@ a wealth of information on a modelled

system. Figure 7.4 below illustrates the waitingetiexperienced by the chipper during the
simulations. The data shows that at small mearaetion distances of 100m, the wait time is
between 0 and 5%, depending on the mean dbh Isivalmean extraction distance of 500m, the
chipper experienced a waiting time of between 20 38%. The mean dbh level impacts on
the wait time as the faster the chipper is prodyahip, the more time will be spent waiting.

However, this does not mean any overall differandie system productivity, as can be seen in
the previous graph. This gives an interesting appbhn of the results: if dbh is small, the chips
forwarder could chose not to extract to the nedagsting, but instead extract the chip to a more
suitable location that offered more space for mamoeg, or offered better access conditions for

haulage vehicles, even if this location was fardngay (Spinelli, 2012).
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Figure 7.4: Percentage wait time for the Silvateaatrrain chipper in the simulation study

Likewise for the forwarder, the wait time percemtag displayed in figure 7.5. As the mean
extraction distance increases, the wait time deeseaAs the forwarder has more ground to
cover, it is not making it back to the chipper biefthe chipper has reached its capacity. A wait
time experienced by the forwarder does not adweisi#ct the system productivity, whereas a

lack of wait time does, as chip production is bestapped.

Data Means
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Figure 7.5: Percentage wait time of the chips forwaer waiting for the terrain chipper in
the simulation study
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To further analyse the results of the system ab@eyan analysis of variance was carried out to
identify at what extraction distance the mean dbfell no longer had statistical significance on
the productivity. The results of the ANOVA are peted in table 7.2. The results show that

mean dbh is no longer statistically significanaahean extraction distance of 500m or greater.

Table 7.2: ANOVA and individual value plot for m® per hour vs. mean dbh at mean
extraction distances from 100 m to 500 m for the ®&iatec terrain chipping system in the
simulation study

Mean P Value R- Graph
Extraction Squared
Distance
(m)

Individual Value Plot of m3/hour vs Mean dbh at 100m extraction
25

24 -

m3/hour

100 0.000 99.78

0 11 12 13 14 15 16 17 18 19 20
Me:

Individual Value Plot of m3/hour vs Mean dbh at 200m extraction
21

m3/ hour

200 0.000 99.93

0 11 12 13 14 15 16 17 18 19 20
Me:

Individual Value Plot of m3/hour vs Mean dbh at 300m extraction
17.5

17.0

165

m3/ hour

300 0.000 95.23 “

155

15.0

10 11 12 13 14 15 16 17 18 19 20
Mean dbh
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Individual Value Plot of m3/hour vs Mean dbh at 400m extraction
150

m3/hour

400 0.000 86.14

10 11 12 13 14 15 16 17 18 19 20
Mean dbh

Individual Value Plot of m3/hour vs Mean dbh at 500m extraction
12.75

.
® o o
1250 HE-

1225

.
S 12000 ¢ e e o

500 0.126 34.92 2

1175

11.50

0 11 12 13 14 15 16 17 18 19 20
Mean dbh

The machine rate costing for the Silvatec terrdiipper and the chips forwarder that was
detailed in chapter 6 was used to estimate a @stybic metre of the system. The scheduled
machine hour cost was used as the analysis ofylters took into account random breakdowns
which caused interactions between the machinesc®hined scheduled machine hour rate of
both machines was used for a system cost per siguecthachine hour of €299.10. The results
are illustrated in figure 7.6 below. The cost pérranged from €12.4 to €17.9 at 100m mean
extraction distance, depending on the mean dbHh. 18¥&00m extraction distance, the cost per
m® ranged from €24.2 to €25.4. Again as per the prtidty the mean dbh level had no
significant effect at 500m extraction distance ighler. At 1000m mean extraction distance, the
cost per m was between €42 and €43. Kofman and Kent (200%pmkd a Silvatec terrain
chipping system in Ireland at short extraction alises and estimated the average cost to be
€11.86 / m. This agrees with the predicted costs at shotamées in this study, validating the

results.
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Figure 7.6: Predicted cost per musing the Silvatec terrain chipping system in Sitl spruce
plantations at first thinning

7.4 Concluding remarks

In complex systems where machines interact withh edber during harvesting, discrete event
simulation can adequately model the systems toonbt estimate the productivity, but also
identify how factors affect the system overall. Tesults show that productivity of the system
increases as dbh level increases, but also desraasxtraction distance increases. The discrete
event simulation results have shown that the Sitvderrain chipping system is expected to
operate from €12 per cubic metre to €43 per cubgtren depending on the tree size and
extraction distance. Extraction distance has shiove the most influential factor on the system,

as woodchip production stops if the forwarder hasraturned to the terrain chipper before the
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chipper bunk is full. The outcome of this is theb6B0m extraction distance, or greater, tree size
no longer has a statistical significant effect ba productivity. This illustrates the vulnerability
of the Silvatec terrain chipping system to longrastion distances, which may prevent the
system being cost effective on certain sites. T off in productivity may overcome by
adding a second forwarder to the system. Furthgeldpment of the discrete event model
constructed in this chapter could model the mddeleffectiveness of adjustments to the system

such as this to a high resolution.

150



Chapter 8: Profit analysis of the harvesting systes
8.1 Introduction

The previous chapters in this dissertation haverde=s] parameters that effect first thinning
operations in Sitka spuce plantations in Irelamdthis section, the results from the previous

chapters will be used to evaluate the profit fromeé thinning systems:

» CTL harvesting for sale of all roundwood products
» CTL harvesting for sale of sawlog and pallet praduand chipping of pulp products for
the energy market

* Whole tree harvesting and terrain chipping of whaes for sale to the energy market

8.2 Method

To perform the profit analysis, a market price the products at the forest roadside was
required. Teagasc (2012) published the most u@te undwood timber prices in April 2012.

The prices are those as achieved by private foresers. Table 8.1 details the Teagasc figures.

Table 8.1: Price per ni of roadside timber sales as observed in Ireland byeagasc

Province Pulpwood Palletwood Sawlog
Leinster 27 47 61
Munster 27 45 57
Ulster 25 43 57
Connaught 27 39 57
Average 26 43 58

A market price for woodchip was harder to acquB&Al (2011) publish the average market

price of woodchip delivered to commercial and irtdak end users each yearly quarter. The
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average figures published for 2011 give a delivggede of woodchip of €0.0299 per KWh
(excluding VAT) per oven dry tonne. To use thiscprithe volume of wood chip produced by
the harvesting systems needed to be converted tmitaof energy content. During the
productivity studies of the roadside chippers adain chipper, woodchip samples were taken
and analysed for moisture content using the ovenndethod. The results from these are

displayed below in figure 8.1 for one and two sumsmaying.

95% CI for the Mean
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Figure 8.1: Interval plot of moisture content of wad chip products after 1 and 2 seasons
drying. Interval represents the 95% confidence inteval for the mean

An ANOVA of the data shows that there is no stet#dtdifference between the pulp wood chip
and the whole tree wood chip after one season glryiihere is however a statistical difference

between 1 and 2 seasons drying for both the puldvetip and wholetree chip, indicating that
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seasoning does occur. There is also a statistiffatehce between the pulpwood chip and the

whole tree chip after 2 seasons drying, indicatirag the assortments have different drying rates.

Using a formula for net calorific value given byr&e (2005), and the basic density value for
Sitka spruce in first thinnings (used throughouis tHissertation) of 447 kgfinthe energy
content per rhsolid was estimated for each woodchip product. &teation given by Serup is

transcribed below:

NCV =19.2 — (0.2164 * MC%)
Where: NCV = net calorific value in GJ per tonne woodfuel from conifer species.

MC% = the moisture content percentage of the wood on a wet basis

The net calorific value was converted to kWh, an@ delivered value at the end user for the

wood chip products were estimated as:

e £61.73 for pulpwood chipped after 1 seasons drying
» £65.61 for pulpwood chipped after 2 seasons drying
» £62.23 for whole trees chipped after 1 seasonsgiryi

e £63.46 for whole tree chipped after 2 seasons dryin

This gives a market price for woodchip deliveredhe end-user. In order to be comparable to
the roundwood assortments, a value at the foresiside needed to be estimated. This was done
by subtracting a delivery cost of the woodchip frtre delivered price. The delivery cost was
calculated using the FITPAC model developed by Myrgt al. (2010) for UCD and Coillte.
The FITPAC model has the ability to predict thetcoschip haulage based on national and
internationally published data. A screenshot ef todel is displayed in figure 8.2. The inputs
to the model were a fuel cost set at €1.569 psee, lbperating profit set at 9%, and a travel
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distance set at 75 km. The travel distance repteska average round trip distance likely to be
experienced by a haulier transporting chip to ad-@ser. Phillipset al. (2009) describe the
catchment areas for sawmills typically have a hgeildistance threshold of 75 km. In this study
it is assumed that the distribution of haulageadtisés is uniform, and that chip hauliers will be
making a round trip. This estimates the averagal toavel distance at 75 km. The FITPAC
model returns an estimate of €53.26 per oven digagoUsing the basic density estimate of 447
kg/m® for Sitka spruce first thinnings, the estimatetivéey cost is €23.8 / fh This value is not
dissimilar to figures published in the UK. The Bsiit Department of Energy and Climate Change
(2010) report the delivery cost estimates for wabdp (if using the same basic density and

haulage distance) of between £26 and £52 (appBafd €64).

August 2008
i |[RISH TRUCK PRODUCTIVITY AND COSTING MODEL
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Route Nurmber Truok Corfiguration Losd Type (Selest this Fist) Eslias to be Included “Work Sheet
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€ logsOry O Loge +Other
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LOAD I~ Pickup
Al TYPE ¢ Slash: Loose  * Slashs Buncle
‘ ‘ o FIRST [ Overheads
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0 = Raw Data
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Pats o this model Tnick Jand L the mic1990's s

Figure 8.2: FITPAC model user interface
(Murphy et al., 2010)

The delivered to end-user prices for woodchip mithes delivery cost gives the woodchip
products a value at roadside of:

« £€37.93/ mfor pulpwood chipped after 1 seasons drying

« €41.81/ mfor pulpwood chipped after 2 seasons drying
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«  £€38.43/ mfor whole trees chipped after 1 seasons drying
« £39.66 / m for whole tree chipped after 2 seasons drying

Using the product volumes per hectare estimatethapter 3, the value at roadside per hectare

for each of the harvesting systems is displayedbie 8.2.

Table 8.2: Predicted volumes (ff) and value (€) per hectare of products at the roaide for
Sitka spruce plantations at first thinning

Whole Whole

Large Small Whole CTL with CTL with trees trees

sawlog sawlog Pulp tree chipped chipped chipped chipped

Mean vol. vol. Vol. vol. CTL pulp after pulp after after 1 after 2
dbh (m3) (m3) (m3) (m3) Products 1 season 2 seasons season seasons
10 0 0 3 20 78 114 124 769 793
11 0 0 7 25 182 266 290 961 992
12 0 1 13 36 381 536 582 1383 1428
13 0 2 17 43 528 731 791 1652 1705
14 0 9 24 64 1011 1297 1383 2460 2538
15 0 15 28 78 1373 1707 1806 2998 3093
16 0 22 31 93 1752 2122 2232 3574 3688
17 0 33 36 110 2355 2784 2912 4227 4363
18 0.5 43 39 126 2892 3357 3496 4842 4997
19 8 55 41 153 3895 4384 4530 5880 6068
20 10.8 58 44 161 4264 4789 4946 6187 6385

The time value of money was also taken into accautihe analysis. This was required as the
wood energy supply chains involve an amount of timéveen harvesting and chipping. This
time has an associated cost as the harvesting mastisbe carried over this period. To account
for this, the harvesting costs for the woodchipewveompounded at a daily interest rate over the
seasoning period. An annual interest rate of 8.586 wsed (the same value of the rate for
borrowing throughout this dissertation). The hativgscosts produced in chapter 4 are estimated
for all products. To calculate the fraction of the®sts associated to the pulpwood, the total cost

was simply multiplied by the pulpwood percentagéheftotal volume.
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8.3 Results and discussion

The profit analysis of the harvesting systemslisitated in table 8.3. The table displays which
harvesting systems are profitable at each combimatf mean dbh and extraction distance. The
table displays an icon for each system; if the isopresent, then the system has shown to have a
positive profit. The following prescription is basen the assumption that if a system returns a

positive profit, then it is suitable for use.

The results suggest that:

» At amean dbh of 10cm and 11cm, no harvesting ndeithsuitable.

* From 12 cm to 13 cm dbh, whole tree harvestingtarrdin chipping is suitable, but only
at the shorter mean extraction distances of ab@@#4®0m or less.

* At 14 cm mean dbh, only whole tree harvesting amdhin chipping is suitable up to a
mean extraction distance of 600 m.

At 15 cm mean dbh, the CTL systems begin to belesdlne CTL with sale of all
roundwood products can be used at very short dxdmadistances of 100-200 m. The
CTL systems with roadside chipping of pulpwood dan used at longer extraction
distances of 400-500 m. Whole tree harvesting andih chipping are again suitable for
use up to 600m mean extraction distance.

« At 16 cm mean dbh, CTL with sale of all roundwoamducts can be used at mean
extraction distances of up to 500m. All other systeare suitable up to mean extraction
distances of 700m.

* At 17cm to 20 cm mean dbh, all systems are suitapl® a mean extraction distance of

700 m. CTL with roadside chipping is suitable uprtean extraction distances of 1000m.
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CTL with sale of all roundwood products is alsotabie up to 1000m mean extraction

distance at a mean dbh of 19 cm and 20 cm.
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Table 8.3: Prescription for harvesting systems inifst thinning Sitka spruce plantations in

Mean dbh (cm)

10

11
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14

15

16

17
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19

20

Ireland

Icons indicate that the system is profitable under the conditions

Mean extraction distance (m)
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= CTL harvesting, sale of all roundwood products
= CTL harvesting, sale of sawlog and pallet, seasoning of pulp for 1 summer,
chipping of the pulp with the Jenz 700 roadside chipper, sale of chip
= CTL harvesting, sale of sawlog and pallet, seasoning of pulp for 2 summers,
chipping of the pulp with the Jenz 700 roadside chipper, sale of chip
O =Whole tree felling, seasoning of whole trees for 1 summer, terrain chipping
of the whole trees, sale of chip
©® =Whole tree felling, seasoning of whole trees for 2 summers, terrain chipping
of the whole trees, sale of chip
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The main trend that can be seen from the resuttsatsmean dbh affects the CTL systems
more than the whole tree system. The mean extradistance affects the whole tree
system more. The whole tree system has the ablibe used at lower levels of mean dbh
than the CTL systems. However, the whole tree syssecrippled by extraction distance.
Above a mean extraction distance of 700-800 m,vthele tree system cannot be used,
regardless of tree size.

For further reference, the predicted profits focreaystem are presented in tables 8.4
through 8.8. It is also important to note that thechine rate calculations incorporate a 9%

profit margin.

Table 8.4: Predicted profit (€) per hectare usinghe CTL harvesting system with sale
of all roundwood products in Sitka spruce plantatios at first thinning
Mean Extraction distance

Mean

dbh 100 200 300 400 500 600 700 800 900 1000
10 -798 -803 -809 -814 -820 -826 -831  -837 -842 -848
11 -767 -780 -793 -807 -820 -833 -846  -859  -872 -885
12 -628 -655 -681 -707 -733 -759 -785  -811  -837 -863
13 -535 -571 -606 -642 -677 -712 -748  -783  -819 -854
14 -164 -226 -287 -349 -410 -472 -534  -595  -657 -718
15 140 60 -20 -100 -180 -261 -341  -421  -501 -582
16 460 361 262 163 64 -35 -134 233 -331 -430
17 936 807 678 550 421 292 164 35 -94 -223
18 1370 1216 1063 909 755 601 447 293 139 -15
19 2170 1976 1782 1588 1394 1200 1006 812 618 424
20 2453 2243 2032 1822 1612 1401 1191 980 770 559
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Table 8.5: Predicted profit (€) per hectare using CL harvesting, sale of pallet and
sawlog, seasoning of pulp for 1 summer, chipping g the Jenz 700 roadside chipper,
sale of woodchip, in Sitka spruce plantations atfst thinning
Mean Extraction distance

Mean

dbh 100 200 300 400 500 600 700 800 900 1000
10 -806 -812 -818 -823 -829 -835 -841 -847 -852 -858
11 -749 -763 -776 -790 -803 -817 -830 -844 -857 -871
12 -565 -592 -619 -646 -673 -700 -727 -754 -781 -807
13 -442 -479 -516 -552 -589 -625 -662 -699 -735 -772
14 -14 -77 -141 -204 -267 -330 -393 -456 -520 -583
15 327 245 163 81 -1 -83 -165 -247 -329 -411
16 675 574 473 372 271 170 69 -32 -133 -234
17 1194 1063 932 801 670 539 408 276 145 14
18 1658 1501 1345 1188 1032 875 719 562 406 249
19 2479 2282 2086 1889 1692 1496 1299 1102 905 709
20 2791 2578 2364 2151 1938 1724 1511 1298 1084 871

Table 8.6: Predicted profit (€) per hectare using CL harvesting, sale of pallet and
sawlog, seasoning of pulp for 2 summers, chippingsing the Jenz 700 roadside
chipper, sale of woodchip, in Sitka spruce plantatins at first thinning
Mean Extraction distance

Mean

dbh 100 200 300 400 500 600 700 800 900 1000
10 -877 -883 -889 -896 -902 -908 -915 -921 -927 -934
11 -813 -827 -842 -857 -871 -886 -901 -916 -930 -945
12 -605 -634 -663 -693 -722 -751 -780 -810 -839 -868
13 -470 -510 -549 -589 -628 -668 -707 -747 -786 -826
14 -7 -74 -142 -209 -276 -343 -411 -478 -545 -613
15 353 266 179 92 5 -82 -169 -256 -343 -430
16 715 609 502 396 290 184 77 -29 -135 -241
17 1254 1117 979 842 705 568 430 293 156 18
18 1730 1567 1404 1241 1077 914 751 588 425 261
19 2563 2359 2155 1951 1747 1544 1340 1136 932 728
20 2883 2662 2441 2220 1999 1779 1558 1337 1116 895

161



Table 8.7: Predicted profit (€) per hectare using Wiole tree felling, seasoning of the
trees for 1 summer, terrain chipping of the treesand sale of the woodchip, in Sitka
spruce plantations at first thinning
Mean Extraction distance

Mean

dbh 100 200 300 400 500 600 700 800 900 1000
10 -204 -214 -247 -300 -354 -419 484  -556  -627 -694
11 -89 -103 -148 -214 -290 -367 451 -541 -630 -712
12 155 134 65 -33 -141 -256 -373  -505 -631 -756
13 317 291 205 87 -44 -185 -320 -479 -626 -777
14 828 777 639 458 247 45 -165 -396 -619 -842
15 1184 1107 936 703 451 199 -67 -349 -616 -886
16 1587 1477 1257 974 657 363 45  -285 -600 -920
17 2055 1905 1627 1282 905 552 178 -219 -598 -968
18 2513 2315 1982 1589 1147 733 303 -150 -595 -1011
19 3327 3022 2591 2090 1550 1041 524 -21 -573 -1064
20 3579 3231 2781 2253 1678 1137 601 2 -562 -1077

Table 8.8: Predicted profit (€) per hectare using Wiole tree felling, seasoning of the
trees for 2 summers, terrain chipping of the treesand sale of the woodchip, in Sitka
spruce plantations at first thinning

Mean Extraction distance

Mean
dbh 100 200 300 400 500 600 700 800 900 1000
10 -234 -244 -277 -331 -385 -449  -514  -587  -658 -725
11 -113 -127 -172 -238 -314 -390 -475 -564  -654 -736
12 145 125 56 -43 -150 -266  -382 -515 -641 -766
13 316 289 203 85 -46 -186  -322 -481 -628 -779
14 851 800 662 482 270 68  -142 -373 -596 -818
15 1225 1147 976 743 491 239 -27 -308 -575 -846
16 1646 1537 1316 1034 717 423 104 -225 -541 -860
17 2136 1987 1709 1363 987 633 260 -138  -517 -887
18 2614 2415 2082 1689 1248 833 404 -49 -495 -910
19 3460 3155 2725 2223 1684 1174 657 112 -440 -931
20 3722 3374 2925 2396 1821 1280 744 146 -419 -934
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In tables 8.4 through 8.8 the positive cash flowes @resented in green, while conditions
where a negative profit was the outcome are predeimt red. In the case of the CTL
harvesting system with sale of all roundwood prdsiuthe lowest levels of mean dbh and
mean extraction distance where the system retuposiéive profit is 15 cm dbh and 100 m
extraction distance. The profit is predicted at @pér ha. Chipping the pulp wood and
selling it as woodchip gives no advantage in th&ext of a positive profit at lower factor
levels, but it does return a higher profit: €327 Ipa after one summer drying, and €353 per
ha after two summers. If employing whole tree hsting with terrain chipping at the same
factor levels the profit is considerably higher€al84 per ha after 1 summer drying, and
€1224 after two summers. This trend continues uputgh the dbh factor levels where at 20
cm dbh and 100m extraction distance, the profirretd for the CTL harvesting with sale
of all roundwood products is €2453 per ha, and whide harvesting with terrain chipping
after 2 summers drying returns a profit of €3722 Ipe. However, because of the large
impact that extraction distance has on the terchiipping system, at 20 cm dbh, both

systems return the same profit at an extractioace of approximately 550 m.

For easy comparison, table 8.9 displays the systiicth has returned the highest positive
profit for each combination of mean dbh and medraeton distance. The results show

that, in the simulation environment, the reseansdstjon has been answered:

A whole tree harvesting and terrain chipping system is more favorable than a CTL system,
froma profit perspective, as a method for first thinning Stka spruce plantationsin Ireland

in conditions where the mean dbh of the stand is between 13 cm and 20 cm, and the mean
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extraction distance is400 mor less. At a mean extraction distance of 600 mor less, the
whol e tree harvesting and terrain chipping systemis also more favorable if the mean dbh of

the stand is between 14 cmand 18 cm.

Table 8.9: Predicted highest positive profit for havesting systems in Sitka spruce
plantations at first thinning
Icons indicate the system which has returned highest positive profit under the conditions
Mean Extraction distance (m)

Mean dbh
(cm) 100 200 300 400 500 600 700 800 900 1000
10
11
12
13
14
15
16
17
18
19
20

O060O60BOO6BOO
O060O60BOO6BOO
00O OO6BOO
900O0OB6O6OBO
006060
060
()

= CTL harvesting, sale of all roundwood products
= CTL harvesting, sale of sawlog and pallet, seasoning of pulp for 1 summer,
chipping of the pulp with the Jenz 700 roadside chipper, sale of chip
= CTL harvesting, sale of sawlog and pallet, seasoning of pulp for 2 summers,
chipping of the pulp with the Jenz 700 roadside chipper, sale of chip
O =Whole tree felling, seasoning of whole trees for 1 summer, terrain chipping
of the whole trees, sale of chip
© = Whole tree felling, seasoning of whole trees for 2 summers, terrain chipping
of the whole trees, sale of chip

However, it must be noted that the systems compasisio not take relocation costs into
account. The cost of relocating the machines maylibproportionate for each system,
which may cause the overall difference in profitrgias to change. This may be especially
true for small private forests on marginal farmdaRor these small parcels of land, the cost

of the transportation of the machines to a sité eghstitute a large proportion of the total
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cost. In the case of the CTL system with sale ¢fraindwood products, only two
machines need to be transported to the site. \d@bene the case of whole tree harvesting
and terrain chipping, four separate machines (dioly motor manual) will need to be
relocated to each forest. To investigate the impddhese relocations would require an
additional study of the distribution of forest sizeand possibly even their spatial

distribution.

8.4 Concluding remarks

Whole tree harvesting and terrain chipping can may make thinning Sitka spruce
plantations viable at three levels of mean dbhwelwat of the CTL system. This means
that a forester may be able to engage in firstihp when the mean dbh of the stand is 12
cm by adopting whole tree harvesting, while theesoer will have to wait until the mean
dbh has reached 15 cm for CTL to become cost efeecSilviculturally, this may be
beneficial to the overall revenue from the platati Quantifying those benefits was
outside of the scope of this study, so too werersgative impacts from the systems (e.g.
residual stand damage), but it can be postulatdathy system which makes management
decisions less constrained to immediate finan@&lrn should be seriously considered.
However, the advantage of using whole tree hamgstnd terrain chipping is only
applicable to extraction distances shorter than B0O0The sale of sawlog and pallet
products with the chipping of the pulp wood was tmm®fitable at extraction distances

greater than 500 m, but only at a mean dbh lev&lFafm or greater.
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Chapter 9: Overall conclusion

This dissertation has successfully evaluated pammaffecting a number of supply chains
that can be used when harvesting Sitka sprucethirshings in Ireland. Furthermore, the
harvesting methods used in the supply chains when tcompared in a simulated
environment to asses the conditions in which eashem could viably operate (from a
profit perspective). This information could be anefit to forest managers and harvesting
contractors who will be engaging with the privatelyned forest resource that is rapidly
expanding in Ireland. With the increased demantdiagmass that is forecasted in Ireland
over the coming years, the whole tree harvestingtamain chipping system can have role
in managing this resource. The method has beenrstmihave a higher positive profit than
the CTL method under many conditions, and recowesse volume per hectare than the

CTL systems.

9.1 Mgjor findings

The major findings of the dissertation are:

» Kozak’s taper equation has the ability to accuyatebdel the taper of trees at first
thinning in Ireland when parameterised using fidita. A Chapman Richards
model can be parameterised to model tree heigint flee same field data, and
together the two models can predict assortmentnvesufrom dbh measurements
with a low SEE of 0.0098 Tn

» The Weibull probability density function was parderesed to model the dbh
distribution of thinned Sitka spruce plantationsfiest thinning in Ireland. By

modelling dbh distributions for a range of mean d#kels (10 cm to 22 cm), and
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using the models developed in chapter 2, it wasiplesto predict volumes for each
mean dbh level. The merchantable volume ranged &®mf ha' to 168 ni ha,
CTL volumes range from 3 Hha™ to 168 ni ha’, and whole tree volumes range
from 20 n? ha' to 220 mi ha'. These results identify how the mean dbh of the
stand at first thinning will greatly affect the eaity of the thinning operation to
cover costs, and how at lower mean dbh levelsattoption of whole tree harvest
has the potential to recover 560% more volume tharCTL system.

A quadratic model has been used to describe tlaiaceship between harvester
productivity and harvested tree volume, at the tesel. This model predicts that
for harvesting cost reduce as mean dbh level iseseaAt a mean dbh level of
10cm, the predicted cost of production is €285merreducing dramatically to €12
per nt at a mean dbh level of 20 cm.

A forwarder model was developed to describe thaticeiship between forwarding
time, extraction distance, load volume, and piemént The model predicts that the
cost of forwarding ranges from €4 and €24 pérdepending on the mean dbh level
of the stand, and the mean extraction distance.

A model of a roadside chipper was developed tategbroductivity of the chipper
to mean piece size. The model predicts the cograduction will range between
€3.31 per mand €3.69 per ihdepending on the mean dbh level of the stand.

A discrete event model of the Silvatec terrain piig system was developed to
simulate the interaction of the terrain chipper afdps, and to estimate the
productivity and cost of the system as a whole. $imsulations found that the

Silvatec terrain chipping system can be expectexpayate at a cost of between €12

167



per n? to €43 per M depending on the extraction distance and meaneiteth of
the stand.

» The Silvatec terrain chipping system productivygreatly affected by extraction
distance, so much so that at a distance of 500greater the mean dbh level no
longer has any effect.

* By evaluating the systems in terms of profit frome sales of the products, it was
estimated that at shorter extraction distances <60 the whole tree terrain
chipping system was most profitable.

* The sale of sawlog and pallet products with the@img of the pulp wood was most
profitable at longer extraction distances (>500 Inix, only at a mean dbh level of
17 cm or greater. This is the effect of the teri@iipping system’s vulnerability to

long extraction distances.

The Forest Energy Programmes (Kofman & Kent 200&ntket al. 2011) were the first
major studies on wood energy supply chains in heklahe empirical data for the projects
was collect by the author of this dissertation asember of the research team. Therefore,
this dissertation reflects the state of the artvdadge for the development of wood energy
supply chains in Ireland. This dissertation haseddehlue to the existing published reports
from the programmes, and thereby added an origioratribution to knowledge in the Irish
forestry sector. The study also has developedlaitothe form of a dbh to height and taper
model, which has a very significant application the management of first thinning

operations in Ireland.

The empirical data was used to develop modelspesent the individual elements in the

supply chains. This allowed for the harvesting eyst to be compared in a simulated
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environment. Importantly, models were not only deped for the machine operations, but
also for tree volume data at the tree level. Theedels predicted the dimensions of every
individual tree in the simulated environment. Thitowed for the volumes attributed to
each assortment to be predicted for every treéqydimg dimensions and number of pieces.
The productivity models fed off this data, relatihg machine cycle time to tree level data.
Although this was an ad-hoc solution to the datzblams in this study, the methodology
does have merit, and could be applied to forestradipgs modelling in general. The
benefits include: it overcomes the “does less:sclests” problem, allows for the integration
of supply chains, values can be attributed to t®odment combinations, and evaluates

harvesting systems on an area basis, rather tHamgo

9.2 Limitations to the study

Thinning operations are a silvicultural practiceadaso any decision to thin must be
primarily decided within the limits of good silviltural practice, or else future revenue
streams will be greatly affected. The operatiomat dased models developed in this study
are not capable of identifying all the silvicultunaeeds or constraints which a forest
manager may need to adhere to. Therefore, theselsnoan only be used to support the
knowledge and expertise of the Irish forest mamagalso, the study does not take into
account the negative site impacts of any of systémadled. If one system causes
significantly more residual stand damage, it ccudgte long term implications that reduce
the value of the stand. Further investigations thi site impacts of the systems would be

beneficial future research.
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Also, this study did not cover the road haulageeesmwf the supply chain. Because
woodchip production within the forest road netwasknot common in Ireland, chipping
systems may not be able to interact with the raaddge vehicles at all locations. Further
investigation on the forest road network and itsasulity for maneuvering both chippers
and haulage vehicles into position for chippingeiguired. Discrete event simulation could
be employed to model these interactions, and desthie scenarios where operations can

proceed.

The study is also only concerned with very few niaehsystems. There are many
alternatives to the machines, thinning methods,aastrtments described here. Harwarder
machines have the ability to harvest and forwardl ay have an important role in the
harvesting of small forest areas in the future.gBse only one machine is required on the
site, the transportation and relocation costs aeatty reduced. Tractor mounted terrain
chippers use normal agricultural tractors as treelmaachine of the chipper, and tractor and
trailer units for the forwarder. These systems hagegnificantly reduced machine rate cost
as when the machines are not employed in foregtgradions, they can be used for

agricultural activities.

9.3 Recommendations

An overview of a proposed methodology for a workdgtfor a CTL harvester follows. An

approach similar to this could easily be adoptedftber forest operational systems.
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» A sample of trees in the forest is felled with aicsaw, and measured for dbh and
total height. The diameter of each tree is measatddm intervals from the base to
the tip. A local taper equation and dbh to totagheequation is developed for the
stand / locality. If this is too time consuming costly, the most local taper
equation and dbh to total height model should el us

* A sample of the trees to be harvested are measaredbh, and marked with a
system that allows the researcher to identify tihda avhen the tree is being
harvested. (if possible, all trees would be marksayever this is probably too
idealistic). This gives the dbh distribution of tis¢and (or of the trees being
harvested in a marked thinning)

* The dimension specifications of the assortments ttiea contractor will be cutting
are received from the operator.

* An elemental time study of the harvester operaigngerformed. Each cycle is the
operation of harvesting and processing a singke frae number of each assortment
harvested from each tree is recorded. When a saimg@es harvested, the dbh is

also recorded on the data logger.

When analysing the data, the sample tree dataeasdd with the local taper equation and
dbh to total height model to predict the individualumes of the assortments being
harvested in each tree. The dbh distribution ban be used to predict for the whole stand.
Regression analysis can be used to develop detaitetkls for the productivity of the
harvester. The assortment volumes produced areiloledan great detail; it is a theoretical
volume for each individual log. This could be ugedgreat benefit in discrete event

simulations down the supply chain. Models could developed easily which track
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individual products through the whole supply chaimpm tree to mill, and beyond,

identifying where the most cost benefit streams are

The ongoing National Forest Inventory is making ealth of data available on the
condition of the growing stock in Ireland. Othesearch such as the geo spatial forecasts
(Phillips et al., 2009) , the Coford CLUSTER prdjecand the Teagasc SUPPLYCHIP
project are describing management goals and isstezdarge areas. At a high resolution,
the Treemetrics team are describing individualdraed stands in great detail. There is a
knowledge gap in the productivity of the machinstegns that are used to carry out the
management operations. The productivity and cosipefrations will vary depending on
site and tree parameters, some of which have besgrided in this dissertation and others
that have not. Machine productivity data shoulddegeloped which can feed into other
research, such as geospatial forecasts, and Gl&gaarent tools. This would allow
researchers, both presently and in the futuregteribe the operational elements of forest
management, such as: costs, time for operation,namcber of machines required in a

catchment area to facilitate its management.

Many international research institutes have beemldping these productivity data in their
own countries. The data is then used in simulagtodies to look at a wide range of supply
chain configurations using actual stand plot davanfinventories, e.g. Asikainen (2001)

and Vaatainesmt al. (2006)

The development of this data would require an iptdestudy of machine operations in
Ireland. This would involve the gathering of infation on a wide range of impacting

factors. Currently, Ireland has a number of reprederes on the European Cost Action
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programme FP0902, which is dealing with forest Batmg machine productivity, and
operations systems modelling. Through the Cost oictprogramme, a high level of

international knowledge is already being transfoe these specific subjects.

Ambitious all encompassing research trials, suclthasForest Energy Programmes, may
sacrifice the resolution of the data. The man poreguired to capture all aspects of the
data to a high enough resolution from all eleméntgal time is enormous, so much so that
it could actually impede the operation. The all@npassing trial may only give a case
study result, as was seen with the Forest Energgr®mmes. This is not to undermine the
logistical accomplishment of Forest Energy PrograsnAt the programmes core was an
investigation to asses$ such systems could operate, in Irish conditions,abtually
trialling the complete supply chain. As the trialere successful, the next step is to
describehow the supply chains operate. It is tempting foesearcher to look at a supply
chain and perceive that it is possible to measlitne elements at once. This is probably
because, from the outside, supply chains seem simdo, researchers may have little or
no experience in forest operations modelling, anthe end goal may be a definitive result
of “x”, not realising that in forest operationalssgms there are so many factors affecting

“x”, that usually x=f(a,b,c,d...), and that, “x” byself can be meaningless.

It is recommended that future research in thidfieé modular in its design. That the
research be driven to investigate the factors affgdndividual elements of the supply
chain, leading to overall system simulations tteat eturn a great deal of information from
experimentation. One barrier to this is that theséimination of the results immediately
becomes more complex, and the study enters theefvark of a “simulation study”, a

concept that contractors and machinery operatoystroat. As the fundamental purpose of
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this research field is to support industry, themgstralways be a provision made to inform
the “person on the ground” with information thabisneficial to them. Often, (it has been
experienced) machine operators only want simplerimétion on the productivity

experienced on a site they were working on, regasdof the levels of impacting factors, or
the implications of these on other sites, i.e. tpegfer the definitive “x” result. From

conversations with the contractors, it is obviduat they, unknown to themselves, use this
information to perform mental simulations, usingitrexperience to gauge how site factors

have affected the results, and how this will treansb other conditions.

One way to provision for both the research requinets and the applied knowledge for the
contractor may be with the use of high definitiodeo recording of the operation. Instead
of, or in con-junction with, the data logging of aperation a wearable high definition

camera could be used to record the entire timeysflide data could then be analysed in
great detail back in a laboratory at different teBons for both contractor and research
requirements (paper / report). Although this seékesit is doubling the effort of the time

study, the most expensive part of the researchhsnweople are in the field. The video
footage could also be archived, so that in theréuthe video could be re-analysed for a
project that has different research requirementshis manner, the time study data is, in a

way, future proofed.
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