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Abstract

It is important to evaluate chipping productivity that often differed according to the timing of 
observations and varied unexpectedly. A variation in production was the major concern of 
stakeholders for sustainable forest operation to establish regularly attainable production sched-
ules on many operational levels. The aim of this study was to estimate the variance of chipping 
productivity by using a stochastic simulation model to achieve the objective evaluation of 
chipper performances. Chipping operations of five different kinds of mobile chippers, i.e. three 
smaller and two middle and larger ones in horse powers, were investigated. Probability dis-
tributions of material size and feeding time for chipping in a log-normal distribution were 
estimated. The estimates were made based on chipping operations performed 2000 or 4000 
times by mechanical repetitions. Except for the largest chipper, whose observed productivity 
was 338 loose m3/hr, all of the observed productivities, varying from 18 to 68 loose m3/hr, were 
located within a two-sided confidential interval whose difference between both ends was 4 to 
10 loose m3/hr. The estimates were, generally, reliable with small variances around the median 
productivity values in the model. By this stochastic model, chipper productivity could be shown 
objectively, while the accuracy would be improved more by increasing sample size and accurate 
material size measurement. It was elucidated that the operations followed by chipping should 
encompass enough volume capacity to provide stable chipping productivity.

Keywords: biomass energy, feeding operation, forestry operation, stochastic simulation, supply 
chain management

1. Introduction
The wood use as a renewable energy resource is 

a global trend. In EU, for instance, the target rate of 
renewable energy share was clearly stated as 20% in 
2020	(European	Commission	2013)	and	the	share	of	
woody	biomass	might	account	for	two-thirds	of	the	
target	(European	Commission	2015).	In	Canada	and	
the US, the regular share of wood as a renewable en-
ergy	was	also	reported	(Government	of	Canada	2014,	
US	Energy	Information	Administration	2015).	Wood	
demand	 as	 an	 energy	 resource	 enabled	 the	use	 of	
lower	quality	timbers	and	logging	residues.	It	was,	
therefore,	expected	to	provide	additional	resources	
and	profit	for	forest	companies	or	forestland	owners	
while	improving	forest	health	and	quality.

In	Japan,	the	planted	forests	occupied	a	quarter	of	
land,	and	about	half	of	them	were	under	50	years	old	
(Japanese	Forestry	Agency	2015).	It	was	a	major	con-
cern	to	manage	and	utilize	the	lower	quality	of	timbers	
produced	from	such	planted	forests.	While	there	were	
conventional	chip	supply	chains	for	pulp	industries	
using	fixed	chippers	at	factories	or	storage	sites,	some	
mobile	chippers	had	begun	to	be	introduced	to	pro-
duce	wood	chips	at	forest	roadside	with	the	expecta-
tion	of	stable	chip	supply	to	power	plants	as	a	resource.	
One	of	the	emerging	issues	on	mobile	chippers	was	
estimating	 the	productivity	of	 chipping	operations	
because	their	working	conditions	and	wood	materials	
always	changed	compared	to	fixed	chippers.
At	the	same	time,	the	supply	chain	with	chipping	

at	forest	roadside	for	the	timely	production	of	chips	
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required	a	well-balanced	transportation	and	logistics	
to	factory	or	storage	sites	to	realize	the	maximum	uti-
lization	of	chipper	(Talbot	and	Suadicani	2005),	be-
cause	the	price	of	chippers	was	generally	expensive	
(Yoshida	and	Sakai	2014).	Indeed,	it	was	possible	to	
discharge	chips	on	the	ground	and	to	reload	them	onto	
the truck, but additional cost would occur in the re-
loading	process	 (Stampfer	 and	Kanzian	 2006)	 and	
chips	would	lose	quality	by	getting	contaminated	with	
soil	(Spinelli	and	Hartsough	2001).	Therefore,	the	im-
portance	of	chipping	productivity	estimation	of	mo-
bile	chippers	has	been	gradually	recognized	for	opti-
mized	transportation	scheduling.
It	was	well	known	that	the	productivity	of	wood	

chipping	was	mainly	affected	by	the	total	solid	volume	
of	a	piece	of	material	and	the	relationship	could	be	
expressed	in	various	ways:	such	as	chipping	time	per	
ton/volume	for	average	piece	size	(Spinelli	and	Hart-
sough	2001,	Assirelli	 et	al.	2013);	 for	 load	size	of	a	
loader	(Röser	et	al.	2012);	for	piece	size	under	a	multi-
linear	regression	analysis	(Ghaffariyan	et	al.	2013);	and	
for	butt-end	diameter	of	logs	(Yoshida	and	Sakai	2014).	
Previous	models	of	productivity	estimation	were	gen-
erally	analyzed	by	using	linear	regression	for	the	aver-
age	of	material	sizes	 in	a	 forest	area.	Furthermore,	
productivity	usually	differed	according	to	the	timing	
of	observations.	It	was	also	proved	that	there	were	dif-
ferences	between	estimated	and	actual	productivities	
across	chipper	machines	(e.g.	Spinelli	and	Magagnot-
ti	2010,	Ghaffariyan	et	al.	2013).	As	the	material	supply	
and	the	product	delivery	were	scheduled	under	the	
typical	productivity,	unexpected	variances	of	chipping	
productivity	sometimes	diminished	or	eroded	profit	
in	its	supply	chain.	Therefore,	the	realistic	and	typical	
value	of	chipping	productivity	and	its	possible	vari-
ance	should	be	grasped	in	advance	for	profitable	and	
sustainable	management	of	chip	supply	chain.
The	variance	of	chipping	productivity	seemed	to	be	

decided	mainly	by	fluctuations	 in	 feeding	 time	of	a	
piece	of	material	to	a	chipper.	Compared	to	other	for-
estry	operations,	such	as	timber	harvesting,	chipping	
operation	had	 less	 complex	operations	 (Röser	 et	 al.	
2012),	and	operator’s	effect	could	be	regarded	as	secon-
dary	and	minute	to	overall	production	(Spinelli	and	
Magagnotti	2010).	Thus,	the	variance	of	chipping	pro-
ductivity	might	be	mainly	derived	from	the	accumula-
tion	of	uncertainty	in	material	volume	and	feeding	op-
erations,	and	the	machinery	condition	such	as	blade	
wear	(Spinelli	et	al.	2014).
The	aim	of	this	study	is	to	estimate	the	variance	of	

chipping	productivity	by	using	a	stochastic	simulation	
model	for	the	objective	evaluation	of	chipper	perfor-
mance.	Stochastic	simulation	method	was	selected	to	
analyze	the	productivity	variance	since	the	method	is	
suitable	to	describe	complex	problems	including	in-

teractions	and	uncertainty.	This	approach	had	been	
used	in	previous	studies	such	as	Gallis	(1996),	Talbot	
and	Suadicani	(2005),	Asikainen	(2010)	and	Zamora-
Cristales	et	al.	(2013)	to	analyze	interactions	among	
production	and	transportation	processes.	Since	feed-
ing	and	chipping	operations	were	 in	an	interactive	
relationship	(Röser	et	al.	2012),	this	study	analyzed	
productivity	of	five	different	types	of	currently	used	
mobile	chippers	considering	the	interaction	within	a	
process	and	verified	the	robustness	of	the	method.

2. Material and methods

2.1 Time observation and machine selection
To	obtain	real	data	at	forest	chipping	site,	time	ob-

servations	 recorded	by	 stop	watch	were	 conducted	
nearby	the	five	mobile	chippers	during	operations.	The	
observed	productive	chipping	system	factors	in	a	cycle	
were	divided	into	two	main	elements:	feeding	to	chip-
per	and	operational	delay.	A	cycle	of	feeding	to	chipper	
operation,	which	essentially	determined	the	productiv-
ity,	was	defined	as	the	time	between	the	start	of	grap-
pling	by	the	loader	movement	onto	the	material	pile	
after	the	previous	releasing	of	materials	and	the	end	of	
releasing	materials	on	the	feeder.	The	operational	delay	
was	time	of	extra	operations	that	included	cleaning	the	
landing	site;	preparing	logs	from	piles;	and	removal	of	
stuck	logs	in	the	feeder,	which	randomly	occurred.	All	
operational	delays	less	than	15	minutes	were	taken	into	
consideration	in	the	productivity	calculation	for	secur-
ing	comparability;	they	were	used	as	one	of	the	criteria	
to	 classify	 delays	 (Samset	 1990).	Other	 delays	 over	
15	minutes	could	be	regarded	as	avoidable	delays	that	
could	be	excluded	from	the	analysis	by	giving	appro-
priate	considerations.	Mechanical	and	observation	de-
lays were also excluded.
To	derive	productivity,	the	common	formula	for	

chipping	productivity	P	 (loose	m3/hr)	was	used	as	
shown	below:

 
1

/
n

i
i

P d V h
=

= ∑  	 (1)

Where:
d	 	density	coefficient	for	converting	solid	vol-

ume	to	chip	volume	(loose	m3/solid	m3)
n	 	total	number	of	feeding	operations	in	a	pro-

duction	period
Vi	 	material	solid	volume	in	each	i	time	of	feeding	

operation	(solid	m3)
h  gross	working	time	of	a	chipping	operation	

(hr)	consisting	of	the	time	for	feeding	opera-
tions	and	operational	delays	less	than	15	min-
utes.
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In	this	study,	analysis	was	made	of	five	different	
types	and	sizes	of	mobile	chippers:	TP250	mobile	turn-
able	disc	chipper	(expressed	as	TP250);	Farmi	380	disc	
chipper;	YM-400C	disc	chipper;	MUS-MAX	WT8-XL	
drum	chipper	(expressed	as	MUS-MAX);	and	CBI	chip	
max	484VR	drum	chipper	(expressed	as	CBI).	They	
had	been	already	in	active	use	in	their	countries	of	
origin	and	could	be	considered	as	representative.	The	
chipper	machine	details	are	summarized	in	Table	1.
TP250	was	the	smallest	chipper	in	size	with	engine	

power	of	53.7	kW,	and	it	was	chosen	for	its	small	size.	
This	chipper	was	designed	for	manual	loading	and	
vehicle	 traction,	and	an	 independent	wheel	 loader	
was	used	to	assist	its	loading	operation.	Farmi	380	
and	YM-400C	had	similar	engine	power	of	140	kW	
and	150	kW,	respectively.	Farmi	380	was	one	of	the	
attachments	connected	to	the	tractor	power	take	off	
(PTO).	It	had	a	feeding	assistant	chain	conveyor	and	
an	integrated	grapple	loader.	YM-400C	was	an	inde-
pendent	machine	mounted	on	a	four-wheeled	vehicle	
equipped	with	a	feeding	assistant	belt	conveyor	and	
it	had	to	be	supported	by	a	separate	grapple	loader.	
Because	of	their	relatively	smaller	size	and	mobility,	
these	three	chippers	seemed	to	be	fitted	to	small-scale	
forestry	and	operations	along	forest	roads.	MUS-MAX	
was	a	truck	mounted	chipper	with	a	feeding	assistant	
belt	conveyor	and	an	integrated	grapple	loader.	It	was	
chosen	for	its	all-in-one	system.	It	had	an	engine	with	
353	kW	power,	and	could	be	regarded	as	a	middle	
class	 chipper.	CBI	was	 the	 representative	 of	 large	
chippers	both	in	size	and	engine	power.	It	was	equip-
ped	with	an	engine	of	570.7	kW	power	and	a	belt	con-
veyor	in	front	of	the	feeder.

At	a	feeding	operation,	plural	pieces	of	material	
were	fed	at	every	feeding	cycle	in	the	investigations	
except	for	YM-400C.	Although	YM-400C	had	a	feeder	
big	enough	for	plural	pieces,	only	a	piece	of	material	
was	fed	per	cycle	because	plural	pieces	were	stuck	
when	fed.	The	investigation	sites	were	located	in	dif-
ferent	areas	of	Japan:	TP250,	YM-400C,	and	CBI	were	
observed	in	Shimane	Prefecture;	Farmi	380	was	ob-
served	 in	Yamagata	 Prefecture;	 and	MUS-MAX	 in	
Akita	Prefecture.	The	operational	sites	were	at	paved	
landings	except	for	Farmi	380	at	a	storage	landing.

2.2 Material size measurement
The	number	of	logs	of	each	feeding	operation	was	

observed	and	recorded	by	a	video	camera	to	verify	the	
number	or	quantity	of	fed	materials.	The	materials	
were	prepared	in	accordance	with	the	usual	practice	
and	the	size	was	measured	during	actual	investiga-
tions	by	different	methods.	In	the	investigations	of	TP	
250	and	YM-400C,	logs	of	4	m	in	length	were	used,	and	
their	top	and	butt-end	diameter	and	length	were	mea-
sured	for	the	volume	calculation	by	Smalian’s	formula.	
In	the	investigation	of	Farmi	380,	short	logs	of	2	m	in	
length	were	used;	the	top-end	diameter	of	124	logs	was	
randomly	measured	from	the	pile	to	estimate	the	ma-
terial	size	distribution.	It	was	possible	to	regard	such	
short	logs	as	column-shaped	timber,	and	the	volume	
was	calculated	by	squared	diameter	method	from	top-
end	diameters.	In	the	investigation	of	CBI,	the	total	
weight	of	logs	was	measured	as	7.3	wet-tonnes	before	
chipping.	The	average	volume	of	a	piece	of	material	
was	calculated	by	the	number	of	logs	and	the	weight	
density	coefficient	of	0.6	wet-tonne/solid	m3	assuming	

Table 1 Chipper machine details

Chipper TP250 mobile turnable Farmi 380 YM-400C MUS-MAX WT8-XL CBI chip max 484VR

Country of origin Denmark Finland South Korea Austria USA

Chipping type Disc (2 knives) Disc (4 knives) Disc (4 knives) Drum (8 knives) Drum (4 knives)

Mobility Traction Tractor attachment Self-propelled Truck mounted Traction

Engine Internal External Internal Internal Internal

Power, kW 53.7 140.0 150.0 353.0 570.7

Feeder dimension, mm H 260 x W 350 H 380 x W 420 H 500 x W 400 H 600 x W 640 H 762 x W 1,219

Feeding assistant No Chain conveyor Belt conveyor Belt conveyor Belt conveyor

Discharger type Blower Blower Blower Blower Blower

Material type used in 
the investigation

Sugi and hinoki logs 
of 4m in length

Sugi short logs 
of 2m in length

Sugi logs 
of 4m in length

Sugi and hinoki logs 
of 4m in length

Tree tops and short logs

Observation place Paved landing Unpaved landing Paved landing Paved landing Paved landing
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that	the	wet-based	moisture	content	was	50%	moisture	
base	whose	oven-dry	weight	was	0.3	oven-dry	tonnes	
(Greenhouse	Gas	Inventory	Office	of	Japan	et	al.	2014).	
The	number	of	fed	logs	at	a	feeding	operation	was	
regarded	as	the	material	size	distribution.	In	the	inves-
tigation	of	MUS-MAX,	logs	of	4	m	in	length	were	used;	
thier	top-end	diameters	were	previously	classified	in	
2	cm	increment	by	the	operation	contractor	for	the	cal-
culation	of	volume	by	using	a	volume	table	used	in	
practice.	The	unit	»loose	m3«	meant	a	cubic	meter	of	
chip	volume.

2.3 Simulation method
The	probability	distributions	of	feeding	time	and	

material	size	were	assumed	to	follow	a	log-normal	
distribution	because	all	of	the	figures	were	positive	
numbers	and	theoretically	could	be	infinite.	To	obtain	
appropriate	location	m and scale s	parameters,	feeding	
time,	and	material	size	data,	these	parameters	were	
re-sampled	 by	 bootstrapping	 2000	 repetitions	 on	
TP250,	YM-400C,	Farmi	380	and	MUS-MAX,	and	by	
4000	repetitions	on	CBI	because	of	its	small	original	
sample	size.	The	normality	of	generated	parameters	
was	tested	by	Shapiro-Wilk	normality	test,	and	the	
adaptability	of	mean	and	median	values	was	also	ex-
amined.
By	using	these	obtained	parameters,	chipping	pro-

ductivity	at	j	time	of	repetitions	Pj	(loose	m3/hr)	was	
expressed	by	using	two	independent	probability	dis-
tributions,	as	the	formula	(2):

 ( )j
, D

(1 ) ( ) / ( )
M F

P d f M g F
∈

= − ∑ ∫a  (2)

Where:
a	 	operational	delay	time	ratio	observed	in	ac-

tual	operations
	 	data	set	of	trials	indicating	the	number	of	op-

eration cycles F and	materials	M
f(M)	 	probability	distribution	of	material	size	at	a	

feeding	operation
g(F)	 	probability	distribution	of	feeding	time.

These	denominators	and	numerators	were	inde-
pendent.	The	density	coefficient	d	was	set	at	2.8	loose	
m3/solid	m3	here	(Serup	et	al.	2002).	R-language	ver.	
3.1.2	(R	Core	Team	2014)	was	used	for	all	analyses	and	
simulations.

3. Results

3.1 Result of chipping observation
Investigation	details	are	summarized	in	Table	2.	

The	productivity	of	MUS-MAX	was	higher	than	that	
of	 other	 three	 smaller	 chippers	with	 the	 relatively	
lower	operational	delay	time	ratio.	CBI	showed	the	
highest	productivity.	In	all	of	the	observations,	there	
were	no	operational	delays	exceeding	15	minutes.	The	
delay	ratio	of	Farmi	380	was	greater	than	that	of	others	
and	the	delay	time	of	CBI	was	not	observed.

3.2 Result of simulation
Fig.	1	shows	the	histograms	and	fitted	probability	

distributions	for	the	time	of	feeding	operation	and	ma-
terial	size	of	each	chipper.	The	fitted	distribution	of	

Table 2 Investigation details and simulation constraints

Chipper
TP250 mobile 

turnable 
Farmi 380 YM-400C

MUS-MAX 
WT8-XL

CBI chip max 484VR

Total time of investigations, min 64.2 48.6 90.0 60.6 5.16

Observed cycles of feeding operation, cycles 25 63 115 88 13

Number of logs, pieces 80 464 115 569 111

Number of simulation cycles for feeding time function F Î 25 63 115 88 13

Number of simulation cycles for material size M Î 80 464 115 569 13

Representation of material size probability distribution f(M) Log volume
Diameter of a 

short log
Log volume Log volume

The number of logs at a 
feeding operation

The number of repetitions i 2000 2000 2000 2000 4000

Average material size, solid m3 0.08 0.02 0.08 0.05 0.09

Operational delay time ratio 0.15 0.43 0.24 0.08 0.00

Productivity from the actual observation, m3/hr 18.7 22.6 18.3 68.2 338.0
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Fig. 1 Histograms and fitted probability distributions for the time of feeding operation and material size of each chipper
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material	size	of	CBI	had	a	peaked	distribution	higher	
than	its	histogram,	and	that	of	MUS-MAX	had	a	gen-
tler	peak	compared	to	its	histogram,	while	the	others	
were	generally	well-fitted	to	log-normal	distribution.	
The	 location	and	scale	parameters	and	p-values	by	
Shapiro-Wilk	normality	test	of	these	parameters	are	
shown	in	Table	3.	Although	the	p-values	were	partly	
significant	for	Farmi	380,	MUS-MAX	and	CBI,	all	of	
the	location	and	scale	parameters	were	concentrated	
in	a	very	narrow	range	around	the	mean/median	val-
ues	as	normal	distribution.	The	median	values	were,	
therefore,	represented	as	both	location	and	scale	pa-
rameters	for	probability	distribution.
The	estimated	productivity	distributions	are	sum-

marized	in	Table	4,	and	illustrated	visually	in	Fig.	2.	
Productivities	could	be	estimated	with	variance,	and	
objectively	evaluated.	The	productivities	from	actual	
observations	were	within	each	two-sided	confidential	
interval	(p =0.05)	except	for	CBI,	and	the	obtained	pro-
ductivity	distributions	generally	seemed	to	be	reliable.	
All	of	the	productivity	distributions	were	positively	
skewed,	and	the	median	values	were	available	as	the	
representative	productivity.	The	productivity	distribu-
tion	of	TP250	and	YM-400C	was	similar	to	each	other	
despite	their	differences	in	machine	size	and	engine	
power.	Comparing	 the	 estimated	productivities	 of	
YM-400C	and	Farmi	380,	that	of	Farmi	380	was	higher	
while	the	machine	size	and	engine	power	were	similar	
to each other.

The	productivity	of	chippers	TP250,	YM-400C,	and	
Farmi	 380	 concentrated	 in	 a	narrow	variance	with	
about	4	loose	m3/hr	difference	in	two-sided	confiden-
tial	 interval.	The	estimated	productivity	of	middle	
class	machine	MUS-MAX,	which	had	bigger	mechan-
ical	power	potential,	also	varied	only	in	10	loose	m3/hr 
differences	in	the	two-sided	confidential	interval,	and	
the	productivity	was	also	concentrated	around	the	me-
dian	value	as	well	as	those	of	other	three	smaller	chip-
pers.	On	the	contrary,	the	productivity	of	CBI,	whose	
engine	power	was	about	double	to	10	times	larger	than	
those	of	others,	varied	in	about	60	loose	m3/hr	difference	

Table 4 Summary of chipping productivity estimation using a sto-
chastic modeling method

Chipper TP250 Farmi 380 YM-400C MUS-MAX CBI

Min, m3/hr 13.55 20.12 15.44 58.15 226.77

Median, m3/hr 17.01 23.72 18.40 66.33 278.44

Mean, m3/hr 17.04 23.72 18.41 66.37 270.09

Max, m3/hr 20.63 27.69 23.04 75.83 343.62

Two sided 
confidential 
interval, m3/hr

Lower 15.25 21.84 16.42 60.94 250.98

Upper 19.12 25.79 20.51 71.90 309.65

Skewness 0.14 0.15 0.16 0.06 0.20

Kurtosis 0.002 0.11 0.11 –0.018 0.10

The term »m3« means loose m3 here

Table 3 Parameters of log-normal distribution for material size and feeding time, and p-value of Shapiro-wilk normality test

Chipper
Probability 
distribution

Location parameter m Scale parameter s

Median Mean p-value Median Mean p-value

TP250
f(M) –2.59 –2.59±0.02 0.25 0.15 0.15±0.01 0.10

g(F) 4.70 4.70±0.06 0.065 0.27 0.27±0.04 0.32

Farmi 380
f(M) 2.26 2.26±0.02 0.77 0.23 0.23±0.01 0.47

g(F) 3.47 3.47±0.04 0.014* 0.30 0.30±0.03 0.25

YM-400C
f(M) –2.63 –2.63±0.05 0.74 0.48 0.48±0.04 0.35

g(F) 3.40 3.39±0.03 0.75 0.32 0.32±0.02 0.53

MUS-MAX
f(M) –3.06 –3.06±0.007 0.47 0.18 0.18±0.005 0.55

g(F) 3.12 3.61±0.04 0.33 0.38 0.38±0.04 0.00067***

CBI
f(M) 2.08 2.07±0.11 5.95e–05*** 0.38 0.37±0.06 2.2e–16***

g(F) 3.12 3.12±0.09 0.073 0.30 0.30±0.06 3.667e–08***

* Significant (p<0.05). Distribution could not clarify its normality by normality test, but median values could be used as representative
*** Significant (p<0.001). Distribution could not clarify its normality by normality test, but median values could be used as representative
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in	the	two-sided	confidential	interval.	Indeed,	the	CBI	
had	high	potential	of	productivity,	but	this	large	dif-
ference	could	be	a	problem	in	production	scheduling	
and	investment.	Business	planning	would	need	im-
provement.

4. Discussion
4.1 Suggestions for productivity improvement
The	operational	delay	time	ratios	of	chippers	var-

ied	and	it	implied	the	possibility	of	productivity	im-
provement	because	delay	had	a	big	influence	on	chip-
ping	 operation	 (Spinelli	 and	 Visser	 2009).	 The	
productivity	of	YM-400C	was	similar	to	that	of	small-
er	chipper,	TP250.	Increasing	the	average	size	of	mate-
rial	and	consecutive	feeding	were	an	effective	way	to	
improve	productivity.	As	only	a	log	could	be	fed	at	one	
feeding	operation	for	YM-400C	due	to	its	weak	power	
of	feeding	roller,	reducing	operational	delays	at	least	
to	the	delay	time	ratio	that	TP250	showed	was	also	
another	way	to	improve	productivity.	Farmi	380	also	
had	a	larger	operational	delay	time	ratio,	which	might	
have	a	negative	effect	on	the	productivity	at	the	inves-
tigation	site,	where	material	piles	were	located	behind	
the	feeder	entrance.	It	would	be	possible	to	decrease	
such	operational	delay	by	locating	the	material	pile	in	
front	of	the	feeder.	The	other	three	chippers,	TP250,	
CBI	and	MUS-MAX,	showed	smaller	operational	de-
lay	time	ratios.	The	productivity	of	bigger	class	chip-
pers	could	be	improved	and	made	sustainable	by	pre-
paring	sufficiently	large	amounts	of	material.

The	size	of	TP250	was,	however,	small	and	manual	
feeding	system	restricted	log	sizes	even	if	the	operator	
used	a	wheel	loader	for	feeding	assistance.	Hence,	it	
had	few	possibilities	of	productivity	 improvement.	
Conversely,	MUS-MAX	had	a	larger	entrance	and	a	
feeding-assistant	belt	conveyor.	The	capacity	seemed	
to	be	used	at	maximum	because	the	chipper	could	
have	multiple	logs	fed	at	the	same	time	at	the	feeding	
operation	during	the	observation.	As	for	MUS-MAX,	
its	chipping	productivity	improvement	could	only	be	
possible	by	extending	the	length	of	timber	logs.	The	
largest	machine,	CBI,	had	a	greater	feeding	space	for	
putting	more	material	onto	the	conveyor	during	the	
observations.	Furthermore,	utilization	of	a	grapple	
loader	with	larger	grappling	capacity	would	increase	
the	volume	of	a	feeding	operation.	In	general,	the	ap-
propriate	use	and	setup	of	operation	on	site	are	impor-
tant	to	achieve	the	full	performance	of	chippers.	It	is	
also	necessary	to	determine	how	the	system	could	be	
improved	to	increase	its	performance	and	efficiency.

4.2 Discussion of the model
There	 were	 almost	 no	 differences	 between	 the	

mean	and	median	values.	Log-normal	distribution	
was	generally	well-correlated	to	express	feeding	time	
and	material	size	distributions	because	chipping	op-
eration	was	simple	to	form	a	supply	chain	and	stable	
in	its	production.	The	location	and	scale	parameters	
estimated	 from	one	dataset	 of	 an	 actual	 operation	
could	represent	feeding	time	and	material	size	distri-
butions	at	an	acceptable	level	by	applying	re-sampling	
method	used	in	this	study.

Fig. 2 The productivity distribution of each chipper
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The	observed	productivities	were	in	the	range	of	
two-sided	confidential	intervals	except	for	CBI.	One	
possible	reason	for	this	result	on	the	CBI	was	that	the	
actual	number	of	material	during	investigation	might	
be	more	than	that	recorded.	The	true	material	size	dis-
tribution	of	CBI	in	the	investigation	might	be	wider	
and	the	average	would	actually	be	smaller.
The	productivity	variance	expressed	by	two-sided	

confidential	intervals	could	be	derived	from	the	num-
ber	of	trials	in	a	simulation	 .	Based	on	a	common	law	
known	as	the	law	of	large	numbers,	the	average	of	the	
results	obtained	from	a	larger	number	of	trials	should	
be	close	to	the	real	mean.	The	trial	numbers	of	CBI	was	
smaller	than	others	in	the	material	size	distribution,	
which	caused	wider	productivity	variance	of	more	
about	60	loose	m3/hr	difference	in	the	two-sided	con-
fidential	interval.	A	continuous	operation	with	larger	
operation	cycles	and	materials	was,	therefore,	prefer-
able	to	achieve	productivities	in	a	narrow	variance	and	
to	establish	a	stable	chip	supply	chain	based	on	a	reli-
able	chipping	productivity	by	neutralizing	the	vari-
ance	in	chipping	productivity.
For	MUS-MAX,	the	material	size	was	measured	by	

the	conventional	method	using	volume	table	with	a	
diameter	increment	of	2	cm.	For	example,	the	volume	
of	a	log	with	the	diameter	of	17.9	cm	was	actually	cal-
culated	as	that	of	a	log	with	the	diameter	of	16.0	cm.	
Therefore,	 the	histogram	was	discrete	and	concen-
trated	on	some	specific	volumes.	The	volume	of	mate-
rials	used	in	this	study	seemed	to	be	underestimated,	
causing	differences	between	the	histogram	from	ac-
tual	data	and	the	fitted	distribution.	However,	 this	
underestimation	was	minor	in	this	study	because	the	
size	distribution	would	not	be	varied	enough	to	affect	
the	result	of	productivity	estimation,	and	because	the	
number	of	feeding	cycles	in	a	continuous	operation	
was	enough	to	neutralize	the	variation	of	each	feeding	
operation.	Nevertheless,	the	measurement	of	mate-
rial	size	was	important	and	should	be	precise	as	much	
as	possible	to	provide	the	estimated	chipping	produc-
tivity.
For	further	development	of	this	simulation	meth-

od,	it	is	necessary	to	have	a	large	and	accurate	data	
pool	of	feeding	time,	material	size	distribution,	and	
operational	delay	time	obtained	from	practice	on	dif-
ferent	kinds	of	chippers.	Recently,	some	grapple	load-
ers	have	been	equipped	with	an	automatic	data	collec-
tion	system	to	record	their	actual	productive	time	ratio	
and	fuel	consumption.	Such	technology	is	useful	to	get	
feeding	 and	 operational	 delay	 time	 automatically.	
Data	sharing	among	researchers	and	stakeholders	of	
chip	 supply	 chain	 are	 also	 useful	 to	 increase	 the	
amount	of	verified	data	for	objective	comparison	of	
chippers	with	a	comprehensive	database.

4.3 Evaluation of five chippers and suggestion
Considering	the	hot	system	in	which	chips	were	

transported	directly	after	chip	production	(Asikainen	
1998),	MUS-MAX	would	have	an	advantage	in	terms	
of	interaction	with	transportation	because	the	capac-
ity	of	 typical	semi-trailers/large	trucks	was	around	
40	m3	in	Japan,	so	that	chipping	time	would	be	less	
than	one	hour	by	MUS-MAX	and	chipping	and	trans-
port	could	be	harmonized.	The	other	three	smaller	
chippers	would	take	more	time	for	chipping	and	they	
would	be	suitable	for	the	combination	with	smaller	
trucks,	whereas	all	of	truck	capacities	commonly	used	
in	Japan	seemed	to	be	too	small	for	CBI	to	show	its	
potential.	Therefore,	for	CBI,	it	was	preferable	to	ar-
range	a	system	with	no	interaction	between	chipping	
operation	and	chip	 transportation	systems.	Table	4	
showed	that	the	productivity	began	to	vary	increas-
ingly	as	the	chipper	size	became	larger;	therefore,	the	
conditions	of	operation	at	chipping	site,	and	quantity	
and	quality	of	material	should	be	made	as	good	as	
possible	especially	for	large	class	chippers.

5. Conclusions
The	variance	of	productivities	 for	 each	 chipper	

could	be	estimated	from	recorded	observations,	and	it	
could	be	neutralized	by	increasing	the	number	of	feed-
ing	cycles.	This	stochastic	model	applying	log-normal	
distributions	both	to	feeding	operations	and	material	
size	was	useful	to	estimate	the	objective	productivity	
and	its	variance.	Accurate	material	size	measurement	
was	indispensable	to	make	this	estimation	more	pre-
cise,	and	the	optimal	operational	setup	for	each	ma-
chine	 characteristics	 should	be	applied	 in	order	 to	
present	its	productivity.	Typical	productivities	could	
be	represented	by	the	median	values	of	the	productiv-
ity	distribution,	and	these	corresponded	to	their	en-
gine	powers.	At	the	same	time,	the	variance	of	produc-
tivity	should	be	taken	into	account	when	choosing	
chippers	and	planning	chip	supply	chain.
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