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ABSTRACT. Lubrication effectiveness is of paramount importance for the durability of machine components and efficient
transmission of power. In addition to reducing the wear and friction of moving parts, lubricants remove potentially damag-
ing heat and impurities and reduce the oxidation and corrosion of components. In agricultural tractors, lubricant oils are
used in the engine, transmission, hydraulic system, front and rear axles, steering, and braking systems. This means that a
substantial amount of oil must be changed at regular intervals, as recommended by manufacturers. This leads to a signifi-
cant total oil consumption rate whose estimation is related to accurate accounting of tractor operating costs and to envi-
ronmental impact analysis (e.g., LCA) of mechanized agricultural operations. The objective of this study was to propose a
new general equation to estimate the total hourly lubricant oil consumption rate (HTOC) of agricultural tractors as a
function of the rated engine power by extending the definition of lubricant oil consumption rate given by ASABE Standard
D497.7. To this end, a linear regression analysis was conducted on a training dataset of 91 tractor models retrieved from
OECD Code 2 reports. After validation with a dataset of 164 tractor models, the resulting equation for estimating the total
lubricant oil consumption had an R?> = 0.75 and prediction RMSE of 0.033 kg h™'. The equation was finally applied to an
independent dataset of actual oil lubricant consumption rates obtained from a field survey of 118 agricultural tractors
operating in northern Italy. Application of the equation to the field survey data showed an R’ of 0.89 and RMSE of 0.010 kg
h! between predicted and actual values. Overall, the considered statistical indicators (v, R>, RMSE, PBIAS, and NSE)
pointed to a satisfactory prediction capability of the equation.
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gricultural tractors are constantly improving their

efficiency, cost-effectiveness, and operating per-

formance, resulting in higher working speeds,

wider versatility in coupling with machinery, and

a better fit to a broad variability of operating conditions. To

guarantee the efficiency and durability of such increasingly

versatile and complex machines, regular maintenance of the

lubrication system is vital. By limiting direct contact be-

tween the moving parts of machines, lubricant oils accom-

plish fundamental protective tasks: they reduce wear and

friction between moving parts, reduce heat, remove the im-

purities caused by wear, and preserve metal surfaces from
oxidation and corrosion by external agents (Booser, 1997).

In agricultural tractors, lubricant oils are used for the en-

gine, transmission, front and rear axles, hydraulic system,

steering system, and brakes. In addition to oil for lubrication,
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the hydraulic system transmits power in the flow of pressur-
ized oil to implements through hydraulic couplings, in addi-
tion to the mechanical tractor power supplied through the
drawbar hitch and PTO shaft (Wertz et al., 1990; Bart et al.
2013). Lubricant oil also plays a key role in the latest gener-
ation of tractor transmissions, both in power-shift systems,
where precise timing of the clutch operation is needed, and
in continuously variable transmissions, where the main com-
ponents are hydraulically driven (Kunz, 2006; Molari et al.,
2008).

All this has led agricultural equipment manufacturers to
pay more attention, on one hand, to new solutions enabling
the optimization of lubrication and, on the other hand, to im-
provements in lubricant qualities, making lubricants comply
with the increasing requirements of agricultural machines.

It is well known that Iubricant oils, even in the most im-
proved formulations, are subject to degradation due to a trac-
tor’s working hours and engine load, no matter the effective-
ness of the filter technology. This degradation causes decay
of the oil viscosity, accumulation of foreign impurities, i.e.,
carbon, water, oxides, and metal particles (Goering, 1992;
Bart et al., 2013), and reduction of the detergent capability.

Whatever the case, the oil must be changed periodically.
Typically, tractor engine oil is changed at intervals of 500 to
600 h of work (or every year), while the transmission oil is
changed at intervals of 1200 to 1500 h. Manufacturers’ rec-
ommended oil change intervals must be carefully observed,
and crankcases must be refilled when necessary (Goering,
1992).
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As an illustrative example, a 4WD tractor with a rated en-
gine power of 100 kW requires a total amount of lubricant
oil of more than 100 L (about 15 L for the engine, 80 L for
the transmission and hydraulic system, and 10 L for the front
and rear axles and steering system). Given such large
amounts, it follows that the ability to estimate the total oil
consumption rate during tractor operation would provide an
important technical and economic parameter.

The effect of total oil consumption on a tractor’s unitary
operating costs (i.e., per hectare) can be directly estimated
with the following equation (Srivastava et al., 2006; Cal-
cante et al., 2017):

Ca

M

Cs,

where

Cst = oil cost per hectare ($ ha™!)

p. = price of oil ($ kg™

HTOC = hourly total oil consumption rate (kg h')

¢, = actual field capacity during operation (ha h™).

The most common equation for evaluating the oil con-
sumption of tractors is defined by ASABE Standard D497.7,
paragraph 3.4 (ASABE, 2015a). This equation establishes a
linear model only for engine oil and estimates the volumetric
oil consumption rate as a function of a diesel tractor’s rated
engine power:

OLing =0.00059- P+0.02169 )

where

QOLeng = volumetric engine oil consumption rate (L h™')

P = rated engine power (kW).

The volumetric engine oil consumption rate (Qrz,g) is de-
fined as the volume per hour of engine crankcase oil replaced
at the manufacturer’s recommended change interval
(ASABE, 2015a).

When lubricant oil consumption and related operating
costs are estimated with equation 2 (i.e., assuming HTOC =
PoirrQLEng, Where po; 1s the density of the lubricant oil), a sig-
nificant underestimation will occur because equation 2 was
developed to account only for engine oil. An alternative
method to calculate the hourly cost of engine oil is proposed
by ASABE Standard EP496.3, paragraph 6.3.3 (ASABE,
2015b), which states that the total engine lubrication cost ap-
proaches 15% of the total fuel cost.

Given its fossil origin, mineral lubricant oil consumption
is also evaluated with environmental impact methods. Life
cycle assessment (LCA) is one of the most widely used
methods to estimate the overall environmental impact asso-
ciated with the use of a product during all stages of its life.
When applied to agricultural production systems, LCA in-
cludes agricultural machines by taking account of the con-
sumption of materials and energy and the direct emissions
resulting from their use (Lovarelli et al., 2016). For the lub-
ricant oil consumption by agricultural vehicles during their
lifetime, the LCA approach refers to the values estimated by
Ammann and Stadler (1998), who established an average en-
gine oil consumption rate of 0.041 kg h™! and an average hy-
draulic/transmission oil consumption rate of 0.044 kg h’!
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from a ten-year survey of 46 tractors operating in Switzer-
land.

By adding these two consumption rates and assuming a
tractor working life of 7000 h, Nemecek and Kégi (2007)
estimated an expected total (i.e., lifetime) lubricant oil con-
sumption of 598 kg. In LCA inventories, this estimated life-
time oil consumption is typically referred to a unit machine
mass. By considering an average tractor mass of 3000 kg,
Nemecek and Kégi (2007) extrapolated a raw value of 0.199
kgoit kgtractor ', which is the current reference value suggested
by LCA inventories (Nemecek and Kégi, 2007).

In this framework, the objective of this study is to propose
and validate a new general equation to estimate the overall
lubricant oil consumption in agricultural tractors. To do this,
ASABE Standard D497.7 (ASABE, 2015a) was taken as a
reference, and its approach was extended to all lubricant oils
used in agricultural tractors. Specifically, the proposed equa-
tion allows computation of the hourly total oil consumption
rate (HTOC) as a function of the tractor’s rated engine
power. The obtained results are intended to contribute to a
more accurate accounting of lubricant oil consumption, both
in mechanization cost computation and in environmental im-
pact analysis of agricultural operations conducted by means
of LCA or other similar methods.

MATERIALS AND METHODS

This study was conducted in two phases. The first phase
consisted of calibrating and validating an equation to esti-
mate the overall lubricant oil consumption in agricultural
tractors. The data used for this phase were retrieved from of-
ficial technical reports. The second phase was a field appli-
cation of the model using the actual oil lubricant consump-
tion rates obtained from a survey of agricultural tractors cur-
rently operating in northern Italy.

CALIBRATION DATASET PREPARATION

A set of 255 agricultural tractor models (2WD, 4WD, and
crawlers) from 22 different international manufacturers was
selected to formulate an equation estimating the total oil con-
sumption in tractors. The considered tractor models:
(1) were of recent design (i.e., they were introduced on the
market between 2000 and 2016), (2) covered a wide range
of power (from 30 to 375 kW rated engine power), and
(3) were equipped with different types of transmission (i.e.,
mechanical, partial or full power-shift, and continuously var-
iable transmission).

The set of tractors was arbitrarily divided into four classes
(labeled A, B, C and D) of rated engine power: class A (low
power, 30 to 60 kW) included 60 tractors with an average
engine displacement of 3.46 L, class B (medium power, 60
to 120 kW) included 103 tractors with an average engine dis-
placement of 5.26 L, class C (high power, 120 to 200 kW)
included 49 tractors with an average engine displacement of
7.22 L, and class D (very high power, >200 kW) included
43 tractors with an average engine displacement of 10.68 L.

In ASABE Standard D497.7, paragraph 3.4 (ASABE,
2015a), the engine oil consumption rate is defined as the vol-
ume per hour of engine oil in the crankcase replaced at the

TRANSACTIONS OF THE ASABE



manufacturer’s recommended change interval. By extending
this definition, the oil consumption rates for the gearbox,
rear and front axles and final drives, and hydraulic and steer-
ing systems were similarly considered in this study. These
values were hence computed as the volume of oil (L) in the
specific subsystem crankcase and the associated oil change
interval (h) recommended by the manufacturer.

In the first phase of this study, all data were retrieved
from official reports of tests conducted in accordance with
OECD Code 2 (OECD, 2017) for agricultural tractors. Fol-
lowing the ASABE approach, the hourly total oil consump-
tion rate (HTOC, kg h™!) for a generic tractor was obtained
as:

ELO N GLO N HSO
ELOCI GLOCI HSOCI

N RAFDO N FAFDO N SO
RAFDOCI FAFDOCI SOCI

HTOC = p,y [
3)

where
poir = 0.88 kg L' (Bart et al., 2013)
ELO = engine lubricating oil amount (L)
ELOCI = engine lubricating oil change interval (h)
GLO = gearbox oil amount (L)
GLOCI = gearbox oil change interval (h)
HSO = hydraulic system oil amount (L)
HSOCI = hydraulic system oil change interval (h)
RAFDO = rear axle and final drive oil amount (L)
RAFDOCI = rear axle and final drive oil change interval
(h)
FAFDO = front axle and final drive oil amount (L)
FAFDOCI = front axle and final drive oil change interval
(h)
SO = steering system oil amount (L)
SOCI = steering system oil change interval (h).
For every tractor, the computed HTOC value was associ-
ated with the corresponding rated engine power, and the re-
lationship was statistically analyzed.

EQUATION CALIBRATION AND VALIDATION

To define a linear equation to estimate the total lubricant
oil consumption rate, the obtained dataset was split into two
subsets: a training set for calibrating the equation coeffi-
cients by means of regression analysis, and a validation set
to validate the equation by evaluating its prediction error. In
accordance with commonly adopted approaches (e.g., Rawl-
ings et al., 2001; Hastie et al., 2008), the tractor data for the
training set were randomly selected from tractors in the da-
taset that met the following three constraints: (1) the values
of the modeled variables (HTOC and rated engine power)
had to span the range observed in the complete dataset,
(2) the distribution of the modeled values of HTOC and rated
engine power had to comply with the normality condition
required by linear regression analysis (Shapiro-Wilk test),
and (3) the number of tractors in the training set had to be at
least one-third of the total dataset. As a result, the values of
HTOC and rated engine power of 91 tractors were selected
as the training set for the equation, while the remaining
164 tractors were included in the validation set.
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Linear regression analysis (LRA) between the rated en-
gine power (the estimator) and HTOC data was conducted
on the training set by applying the LRA procedure of
Minitab 17.0 (Minitab, 2010) to the following equation:

HTOC =B +B- P )

where

Bo = intercept term of regression equation (kg h™)

B = regression equation slope coefficient (kg kW' h'!)

P =rated engine power (kW).

LRA enabled finding the values of coefficients By and 3
that minimize the sum of the squared residuals computed for
all 91 pairs of data in the training set.

The prediction capability of equation 4 was validated by
applying it to the data for the 164 tractors in the validation
set. To this end, the oil consumption rate values predicted by
equation 4 and the corresponding values retrieved from the
OECD Code 2 reports were statistically analyzed. The quan-
titative results were evaluated with Pearson’s correlation co-
efficient (r), the coefficient of determination (R?), the root
mean square error (RMSE), the percent bias of prediction
(PBIAS), and the dimensionless Nash-Sutcliffe efficiency
(NSE) (Moriasi et al., 2007). Ideally, the RMSE and PBIAS
values are 0, and low values indicate an accurate prediction.
NSE values range between - and 1, and values between 0
and 1 are generally considered an indication of satisfactory
prediction.

FIELD SURVEY APPLICATION

As a real application for the equation determined above,
a field survey was conducted to obtain an independent set of
data representing 118 operating tractors (2WD, 4WD, and
crawlers) in northern Italy with the aim of retrieving actual
values of lubricant oil consumption observed in the field.
The field data were obtained from three sources: (1) large
farms, (2) contractor companies, and (3) dealership and au-
thorized workshop databases (Buckmaster, 2003; Calcante
et al., 2013; Lips, 2013; Hawkins and Buckmaster, 2015).
For the purposes of this study, these data were assumed to
be reliable because they were all obtained from subjects who
kept traceable machinery records as part of a broader man-
agement accounting system (Morris, 1988).

All 118 tractors considered in the field survey were mod-
els introduced on the market between 2000 and 2016. Of
them, 97 tractors (82%) corresponded to models not in-
cluded in the original dataset (i.e., the 255 OECD reports)
used to determine the equation. Their average engine power
was 131.3 kW (33.1 kW minimum, 301.5 kW maximum),
and their average accumulated working hours were 8033 h
(2378 h minimum, 23,550 h maximum).

The actual hourly total oil consumption rate (HTOC, kg
h'') was calculated for each tractor by applying the following
equation:

6))

TOC
HTOC =p,;; (mj

where TOC is the accumulated lubricant oil quantity (from
the first oil change until the last, including possible refilling)
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observed at the time of the survey (L), and HAcc is the ac-
cumulated number of working hours shown on the engine
hour meter and recorded at the time of the survey (h).

The ability of equation 4 to estimate the actual HTOC val-
ues resulting from the field survey of the 118 operating trac-
tors was quantitatively evaluated by applying the same sta-
tistical indicators described in the preceding section on equa-
tion calibration and validation.

RESULTS AND DISCUSSION
DATASET DESCRIPTION

For all 255 tractors used in the first phase of the study,
data were available for rated engine power, engine displace-
ment, engine oil volume, and gearbox oil volume with their
change intervals. Tables 1 and 2 summarize these data sub-
divided into the four power classes. As expected, the amount
of oil dramatically increased with the rated engine power of
the tractors. In contrast, the change interval of engine oil
showed less variation (typically 400 to 600 h), except for
low-power tractors, which have significantly shorter change
intervals (typically 200 to 300 h). Gearbox oil had longer
change intervals (typically 1000 to 1500 h), with shorter in-
tervals for low- and medium-power tractors (rated engine
power from 30 to 120 kW) than for medium- and high-pow-
ered tractors (rated engine power > 120 kW).

Other parameters (e.g., the amounts of hydraulic system
oil, front and rear axle oil, and steering oil) were not always
available as separate values due to the design characteristics
of specific machines that share the oil for the hydraulic sys-
tem and gearbox from a common oil sump. Consequently,
for this group of machines (226 tractors, i.e., about 88% of
the dataset), it was only possible to extract a combined value
of oil amount (i.e., GLO + HSO). Similarly, for 238 tractors
(93% of the dataset), the rear axle and its final drives were
lubricated by the gearbox oil, while the amount of lubricat-
ing oil for the front axle and its final drives was available
only for the 217 4WD tractors (85% of the dataset). Table 2
shows the values for the tractors for which these parameters
were available separately.

Overall, the dataset illustrates the significant influence of
lubricated subsystems, other than the engine, in determining
a tractor’s oil consumption. For example, in medium- and
high-powered tractors (classes C and D in tables 1 and 2) the
hydraulic system and gearbox oil each contributed at least
1.5 times the engine oil contribution to the HTOC value.

EQUATION CALIBRATION

Table 3 describes the composition of the training set
(91 tractors) used to obtain the linear equation between rated
engine power and HTOC. Table 3 shows the homogenous
distribution of the training samples among the power classes

Table 2. Means * standard deviations for parameters available
separately for a subset of the 255 considered tractors.
Power RAFDO RAFDOCI
Class N (9) (h)

A 5 6.72 £8.0 1080 £109.5

B 5 7.09 £5.8 1090 £279.0

C 2 26.5£16.3 1250 £106.1

D 5 26.0 £10.8 1700 £671.0

HSO HSOCI

@) (h)

A 0 - -

B 3 61.3£10.0 1167 £289.0

C 8 89.5£15.9 1088 £180.8

D 18 174.4 £69.7 1467 £265.7
SO SOCI
@) (h)

A 24 2.30£0.9 925.0 £377.9

B 5 2.80£1.5 1040 £329.0

C 0 - -

D 0 - -

FAFDO FAFDOCI

@) (h)

A 57 7.01£2.4 1082 £229.9

B 97 9.20£2.8 1134 £181.9

C 46 20.1 £24.0 1187 £357.4

D 17 24.3 £8.9 1182 +£389.3

Table 3. Means * standard deviations of rated engine power and hourly
total oil consumption rate (HTOC) of the training set of 91 tractors
used for calibration of the equation.

Power Power HTOC

Class N (kW) (kgh™h)
A 20 46.7 9.1 0.072 £0.03
B 35 87.3£16.7 0.090 £0.03
C 23 163.1 +24.8 0.145 £0.03
D 13 245.3 £30.2 0.172 £0.02

and highlights the overall increasing trend of lubricant oil
consumption with engine power.

Figure 1 shows the corresponding linear regression line
for the training dataset. LRA identified the following linear
equation to estimate the tractor’s hourly total oil consump-
tion as a function of rated engine power:

kg
kW -h

HTOC =(0.000556 j'P+0.04487kh—g 6)

The coefficient of determination (R?) for the regression
was 0.69. The standard error of the intercept (o) and slope
(B) of the equation were +5.5-103 kg h™! and +4.0-10”° kg
kW-! hl, respectively. These error values are less than 15%
and 10% respectively, of the coefficients in equation 6,
which provides a rough indication of the robustness of the
equation. The coefficients in equation 6 can be compared to
the coefficients in the equation from ASABE Standard
D497.7 (ASABE, 2015a), i.e., equation 2, multiplied by the
estimated oil density of 0.88 kg L-!. This comparison shows
that the slope coefficient in equation 6 (0.000556 kg kW-!

Table 1. Means + standard deviations for parameters common to all 255 considered tractors.

Engine
Power Power Displacement ELO ELOCI GLO GLOCI HTOC
Class N (kW) (L) (L) (h) (L) (h) (kg h'h)
A 60 482+7.5 3.46 +0.67 9.0+2.3 294.2 +131.8 40.7 £12.4 1113.3£395.1 0.078 £0.025
B 103 86.5 +15.7 5.26 +1.26 13.4+4.4 4459 +138.7 32.8+17.4 1164.1 £237.9  0.089 +0.029
C 49 158.4 +23.1 7.22 £1.02 21.4+3.7 473.5 £80.6 111.6 +41.6  1404.1 £293.7 0.142 £0.039
D 43 264.0 +43.6 10.68 +2.38 32.7+11.3 480.8 £84.8 155.4+82.4  1530.2+247.4 0.210+£0.038
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Figure 1. Total hourly oil consumption (HTOC) for 91 tractors (train-
ing set) from four power classes used to determine a linear regression
equation for estimating tractor total hourly oil consumption (HTOC)
as a function of rated engine power. Regression R? = 0.69.
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Figure 2. Computed hourly total oil consumption (HTOC) from OECD
Code 2 reports as a function of rated engine power for 164 tractors in
the validation set and the corresponding equation output (bold line).
Upper and lower 95% prediction limits of predicted values are also
shown. R? = (.87 for fit of data to the prediction equation (eq. 6).

h'!) is similar to (i.e., 1.07 times) the corresponding slope
coefficient from equation 2 (0.000519 kg kW' h'!), and the
intercept coefficient in equation 6 (0.04487 kg h™!) is larger
than (i.e., 2.35 times) the corresponding intercept coefficient
from equation 2 (0.0191 kg h!).

The obtained equation relies on easily accessible data and
complies with the requirements of mathematical simplicity,
meaning “simple to fit, simple to interpret, simple to justify,
and simple to apply” (Montgomery et al., 2001;
Schabenberger and Pierce, 2002). It is important to note the
wide variability of the average HTOC values over the differ-
ent power classes of the tractors in the training set (last col-
umn in table 3). This behavior was obviously reflected in the
prediction ability of the equation. In fact, in figure 2, the 95%
prediction interval of the calibrated equation, i.e., the range
of HTOC values in which 95% of new observations (new
tractors) are expected to fall, was within +0.05 kg h™! for all
four power classes. This means that, for very high-power
tractors, the expected uncertainty of prediction is about
1£30% of the average HTOC value. For low-power tractors,
this uncertainty is about £70% of the average HTOC value.

EQUATION VALIDATION

For validation of the model, equation 6 was applied to the
164 tractors in the validation set. In figure 2, the actual
HTOC data of the validation set are plotted as a function of
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Figure 3. Model residuals (HTOC computed from OECD Code 2 re-
ports — model-predicted HTOC) for 164 tractors in the validation set
for different classes of rated engine power.

rated engine power, together with the HTOC predicted with
the calibrated equation. The data for tractors in the four
power classes appear to fit well with the equation prediction,
with a coefficient of determination (R?) of the measured and
predicted HTOC values of 0.75. Figure 2 also shows the 95%
prediction interval for values predicted by the equation. The
plot shows 19 tractors (11.6% of the validation set) with
HTOC values that substantially deviate from the behavior
predicted by the equation and fall above the upper prediction
limit. These data refer to tractors with specific technical
characteristics, including eleven tractors equipped with hy-
draulic continuously variable transmissions (seven mid-
power tractors, i.e., rated engine power of 60 to 120 kW, and
four high-power tractors, i.e., rated engine power of 120 to
200 kW) and eight very high-power (rated engine power >
200 kW) articulated tractors with particularly large engine
displacement.

Figure 3 plots the equation residuals (i.e., computed
HTOC from OECD Code 2 reports — model-predicted
HTOC) as a function of rated engine power. The plot high-
lights a uniform distribution of the residuals with no regular
pattern, which indicates that the equation prediction is unbi-
ased. This was confirmed statistically with a Tukey test ap-
plied to the residuals obtained for the four power classes,
which turned out to have no significant differences.

During the validation, the correlation coefficient (r) be-
tween the HTOC computed from OECD Code 2 reports and
the HTOC predicted by equation 6 was found to be 0.87, the
RMSE achieved a value of 0.033 kg h™!, and the PBIAS was
6.1%. This means that a good prediction was achieved, with
an underestimation bias that can be ascribed to the fact that,
particularly for tractors with the highest power (class D;
fig. 2), the equation underestimated the HTOC of the valida-
tion set. The NSE value for this set of data was found to be
0.7.

FIELD SURVEY APPLICATION

Evaluation of the model performance using the set of
118 tractors (2WD, 4WD, and crawlers) in operation in
northern Italy revealed a correlation coefficient (r) of 0.96, a
coefficient of determination (R?) equal to 0.89, the RMSE
was 0.010 kg h'!, and the PBIAS reached a value of -3%.
Figure 4 shows that the predicted versus measured oil con-
sumption data were well placed along the 1:1 reference line.
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Figure 4. Scatterplot of predicted hourly total oil consumption (HTOC)
calculated with equation 6 versus HTOC values derived from a field
survey of 118 tractors in northern Italy. Dashed line is 1:1 line.

Of the computed statistical indexes, Pearson’s correlation
coefficient (r) and the R? value were high. The value of r was
0.96, indicating the high degree to which the simulation re-
produced the trends in the observed data (Anderton et al.,
2002), and the R? value was high as well, reaching 0.89. The
PBIAS value was -3.0%, and this negative value indicates a
slight overestimation bias of the actual HTOC values. Not-
withstanding that the optimal PBIAS value is 0.0, the low
magnitude of the values resulting from both the equation and
the field survey data indicate that the model simulation can
be considered acceptable (Moriasi et al., 2007). The RMSE
of the HTOC predicted by equation 6 for the 118 tractors in
the field survey data was 0.010 kg h™!, which is 8.9% of the
mean HTOC value for the whole validation set (0.112 kg
h!). The NSE value was 0.9.

The significance of the results was confirmed by applica-
tion of the Mann-Whitney test (because the distribution of

samples was not normal according to the Shapiro-Wilk test)
on two independent populations (significance o = 0.05; p =
0.284). Based on the results, it can be asserted that the dif-
ferences between the two populations (actual HTOC and
predicted HTOC; fig. 4) are not significant, and equation 6
is therefore capable of predicting the total oil consumption
of an agricultural tractor as a function of its rated engine
power with a high level of reliability.

The field survey data showed a better correlation than the
calibration dataset with the results predicted by equation 6.
This is probably due to the limited number of tractors with
hydraulic continuously variable transmissions included in
the survey data and the absence of articulated tractors. This
reflects the fact that these types of machines are not wide-
spread in the area considered by the survey, and therefore it
was difficult to obtain field data for them.

Finally, for illustrative purposes, we considered four sam-
ple tractors (not included in the field survey of 118 tractors)
that represented the four classes of rated engine power and
were introduced to the market in the last five years. Based
on their actual oil consumption, we computed their actual
HTOC values and compared the results with the values esti-
mated by our equation (eq. 6), by the ASABE equation
(eq. 1), and by the LCA equation proposed by Ammann and
Stadler (1998). Table 4 shows the results obtained with the
three equations. The deviations of equation 6 were within
+10% for all four tractors. As expected, because the ASABE
equation only considers the engine oil, it significantly under-
estimated the total oil consumption. In contrast, the LCA in-
ventories greatly overestimated (by almost 100%) the actual
oil consumption, except for the low-power tractor.

For the same four tractors, table 5 shows a comparison
between the cost for lubricants obtained with ASABE Stand-
ard EP496.3, paragraph 6.3.3 (ASABE, 2015b) and the value
obtained by multiplying the oil price by the hourly consump-
tion predicted with equation 6. Two different price scenarios
for lubricant oil were considered: 5.3 USD kg!' and 4.0 €
kg! for the U.S. and Europe, respectively. Because the
method proposed by ASABE Standard EP496.3 (ASABE,

Table 4. Application of different equations for estimating the total oil consumption rate in four representative tractors.

Power Tractor Mass Actual HTOC Error from Actual HTOC (%)
Tractor (kW) (kg) (kg h™") Equation 6 ASABE Model® LCA Inventories!®)
1 48 2714 0.075 -4.6% -41.3% +4.9%
2 86 5190 0.085 +9.0% -25.0% +98.1%
3 156 7350 0.134 -1.8% -25.3% +74.9%
4 264 12190 0.208 -7.9% -24.9% +88.7%

(@) Error = 100% (predicted HTOC — actual HTOC) / actual HTOC.

() ASABE Standard D497.7 (ASABE, 2015a); equation considers only engine oil.

[]' Based on equation derived from Ammann and Stadler (1998).

Table 5. Comparison between lubricant costs estimated with equation 6 and with ASABE Standard EP496.3 for four representative tractors.

Average Cost of Lubricant Oil Cost of Lubricant Oil
Power Engine Load (U.S. Scenario, $ h™') (European Scenario, € h™")
Tractor (kW) (% of power) Equation 6 ASABE Model"® Equation 6 ASABE Model®

1 48 30 0.38 0.55 0.28 0.73
70 0.96 1.28

2 86 30 0.49 0.98 0.37 1.31
70 1.72 2.30

3 156 30 0.70 1.78 0.52 2.37
70 3.12 4.17

4 264 30 1.02 3.01 0.76 4.01
70 5.29 7.05

(s ASABE Standard EP496.3, paragraph 6.3.3 (ASABE, 2015b); equation considers only engine oil.
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2015b) depends on tractor fuel consumption, we assumed
two average engine loads: one representative of typical use
in light operations (average load = 30% of rated power, par-
tial throttle multiplier = 0.75), and one representative of use
in medium to heavy operations (average load = 70% of rated
power, partial throttle multiplier = 0.90). The fuel consump-
tion was estimated by multiplying the corresponding engine
power by the specific fuel consumption obtained with
ASABE Standard D497.7, paragraph 3.3.3 (ASABE,
2015a). The assumed diesel fuel price was 0.6 USD L and
0.8 € L'! for the U.S. and Europe, respectively.

The results show large deviations between the two ap-
proaches. In particular, the lubricant costs obtained with
ASABE Standard EP496.3, paragraph 6.3.3 (ASABE,
2015b) are significantly higher (about 1.5 to 9 times) than
the costs calculated with equation 6, although the model in
ASABE Standard EP496.3 only accounts for engine oil cost.

CONCLUSIONS

The objective of this study was to determine and validate
a new general equation to estimate the hourly total oil con-
sumption rate (HTOC) of agricultural tractors. The HTOC
value for a tractor was defined by extending the definition of
engine oil consumption rate given by ASABE Standard
D497.7, paragraph 3.4 (ASABE, 2015a). The obtained equa-
tion was first validated with a set of 164 observations com-
puted from OECD Code 2 reports and subsequently applied
to a dataset of actual oil consumption rates measured in a
field survey of 118 tractors currently operating in northern
Italy.

The resulting equation estimated the actual oil consump-
tion of the validation set with a coefficient of determination
(R?) of 0.75, which increased to 0.89 when applied to the
field survey data. Analysis of the predicted and actual oil
consumption rates for a large dataset confirmed the statisti-
cal soundness (r, R?, RMSE, PBIAS, and NSE) of the pro-
posed equation.

The prediction accuracy of the model equation was sig-
nificantly better with the field survey data than with the cal-
ibration dataset. This is probably because the field survey
was conducted in a region characterized by a limited number
of tractors with hydraulic continuously variable transmis-
sions and a scarcity of articulated tractors. In fact, these two
types of tractors gave the poorest prediction capability dur-
ing the equation calibration. This could be addressed in fu-
ture work by a study dedicated to these particular machines,
especially those with very high rated power.

Finally, for illustrative purposes, the equation output was
compared with results obtained from two other available
methods (ASABE and LCA equations), and a much im-
proved prediction capability was obtained. In particular, a
comparative analysis of lubricant costs with equation 6 and
with ASABE Standard EP496.3, paragraph 6.3.3 (ASABE,
2015b) indicated dramatic differences (from 1.5 to 9 times).
This suggests the need for a possible update of the models in
the ASABE standard.

Based on the above findings, the equation presented in
this article is proposed for use in technical and economic
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analyses for estimating the operating costs or the environ-
mental impact of tractor operations.

REFERENCES

Ammann, H., & Stadler, E. (1998). Technische und
organisatorische Aspekte des Traktoren einsatzes (Technical and
organizational aspects of tractor use). FAT-Berichte No. 511.
Ziirich, Switzerland: Agroscope Reckenholz-Ténikon Research
Station.

Anderton, S., Latron, J., & Gallart, F. (2002). Sensitivity analysis
and multi-response, multi-criteria evaluation of a physically
based distributed model. Hydrol. Proc., 16(2), 333-353.
https://doi.org/10.1002/hyp.336

ASABE. (2015a). Standard D497.7 MAR2011 (R2015):
Agricultural machinery management data. St. Joseph, MI:
ASABE.

ASABE. (2015b). Standard EP496.3 FEB2006 (R2015):
Agricultural machinery management. St. Joseph, MI: ASABE.

Bart, J. C., Gucciardi, E., & Cavallaro, S. (2013). Biolubricants:
Science and technology. Cambridge, UK: Woodhead Publishing.
https://doi.org/10.1533/9780857096326

Booser, E. R. (1997). Tribology data handbook: An excellent
friction, lubrication, and wear resource. Boca Raton, FL: CRC
Press. https://doi.org/10.1201/9781420050479

Buckmaster, D. R. (2003). Benchmarking tractor costs. Appl. Eng.
Agric., 19(2), 151-154. https://doi.org/10.13031/2013.13104

Calcante, A., Brambilla, M., Bisaglia, C., & Oberti, R. (2017).
Proposal to estimate the engine oil consumption in agricultural
tractors. Appl. Eng. Agric., 33(2), 191-194.
https://doi.org/10.13031/aca.11992

Calcante, A., Fontanini, L., & Mazzetto, F. (2013). Repair and
maintenance costs of 4WD tractors in northern Italy. 7rans.
ASABE, 56(2), 355-362. https://doi.org/10.13031/2013.42660

Goering, C. E. (1992). Engine and tractor power (3rd Ed.). St.
Joseph, MI: ASAE.

Hastie, T., Tibshirani, R., & Friedman, J. (2008). The elements of
statistical learning: Data mining, inference, and prediction (2nd
Ed.). New York, NY: Springer-Verlag.

Hawkins, E. M., & Buckmaster, D. R. (2015). Benchmarking costs
of fixed-frame, articulated, and tracked tractors. Appl. Eng.
Agric., 31(5), 741-745. https://doi.org/10.13031/aea.31.11074

Kunz, A. (2006). Development of a universal tractor transmission
oil (UTTO) based on renewable raw materials. Materialwiss.
Werkstofftech., 37(2), 191-201.
https://doi.org/10.1002/mawe.200500984

Lips, M. (2013). Repair and maintenance costs for nine agricultural
machine types. Trans. ASABE, 56(4), 1299-1307.
https://doi.org/10.13031/trans.56.10083

Lovarelli, D., Bacenetti, J., & Fiala, M. (2016). A new tool for life
cycle inventories of agricultural machinery operations. J. Agric.
Eng., 47(1), 40-53. https://doi.org/10.4081/jae.2016.480

Minitab. (2010). Minitab 17 Statistical Software. State College, PA:
Minitab, Inc. Retrieved from www.minitab.com.

Molari, G., Molari, P. G., Pagliarani, S., & Sedoni, E. (2008).
Evaluation of oil flows for the lubrication of an agricultural
tractor transmission. Trans. ASABE, 51(3), 791-796.
https://doi.org/10.13031/2013.24516

Montgomery, D. C., Peck, E. A., & Vining, C. G. (2001).
Introduction to linear regression analysis (3rd Ed.). New York,
NY: John Wiley & Sons.

Moriasi, D. N., Arnold, J. G., Van Liew, M. W., Bingner, R. L.,
Harmel, R. D., & Veith T., L. (2007). Model evaluation
guidelines for systematic quantification of accuracy in watershed
simulations. Trans. ASABE, 50(3), 885-900.

203



https://doi.org/10.13031/2013.23153

Morris, J. (1988). Estimation of tractor repair and maintenance
costs. J. Agric. Eng. Res., 41(3), 191-200.
https://doi.org/10.1016/0021-8634(88)90178-3

Nemecek, T., & Kagi, T. (2007). Life cycle inventories of
agricultural production systems: Data v2.0 (2007). Ecoinvent
Report No. 15. Ziirich, Switzerland: Agroscope Reckenholz-
Ténikon Research Station.. Retrieved from
https://db.ecoinvent.org/reports/15_Agriculture.pdf

OECD. (2017). Code 2: OECD Standard code for the official testing
of agricultural and forestry tractor performance. Paris, France:
Organization for Economic Cooperation and Development.
Retrieved from http://www.oecd.org/tad/code/02-oecd-tractor-
codes-code-02.pdf

204

Rawlings, J. O., Pantula, S. G., & Dickey, D. A. (2001). Applied
regression analysis: A research tool (2nd Ed.). New York, NY:
Springer-Verlag.

Schabenberger, O., & Pierce, F. J. (2002). Contemporary statistical
models for the plant and soil sciences. Boca Raton, FL: CRC
Press.

Srivastava, A. K., Goering, C. E., Rohrbach, R., & Buckmaster, D.
R. (2006). Chapter 15: Machinery selection and management. In
Engineering principles of agricultural machines (2nd Ed., pp.
525-552). St. Joseph, MI: ASABE.
https://doi.org/10.13031/2013.41477

Wertz, K., Grisso, R., & Von Bargen, K. (1990). A survey of ag
tractor service intervals: Part I. Appl. Eng. Agric., 6(5), 537-541.
https://doi.org/10.13031/2013.26424

TRANSACTIONS OF THE ASABE




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


