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Development of Sensor Monitoring for Loss Reduction Analysis in Palm Oil Extraction Process
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1. INTRODUCTION

Thailand holds the third position in palm oil production, contributing only 3.8% of the global output, which
has a minimal influence on world market prices. The majority of Thai oil palm plantations and mills (85%)
are located in the southern provinces, particularly in Krabi, Surat Thani, and Chumphon [1]. The country
currently operates 70 crude palm oil mills (POMs) with a combined production capacity of about five million
tons per year [1].

The POMs are characterised by their high production capacity, which is primarily driven by the screw press
machine that extracts both the liquid phase (crude palm oil and water) and the solid phase (mesocarp fibre,
nuts, broken kernel, and shell) [2]. The oil yield obtained from the pressing process significantly influences
industrial competitiveness. However, improper control of pressing process parameters can lead to fibre oil
loss. The preparation of mesocarp through a digestion process also plays a crucial role in fibre oil loss.
Baryeh [3] conducted a study of extraction pressure, heating time, and heating temperature using a hand
press, and revealed their effects on oil yield. The selection of appropriate processing parameters and
diligent monitoring of the entire process, as suggested by Adetola et al. [4], are significant factors to be
considered in the POMs. In addition, the study identifies limitations related to palm type, specifically the
Tenera species [5].
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To enhance oil yield efficiency, POMs are increasingly adopting sensor technology to monitor parameters.
The cost effectiveness of sensors, the Internet of Things (loT), and Industry 4.0 has led to their widespread
application in monitoring machine automation and maintenance, enabling cost-benefit analyses with
different types of maintenance (corrective, time-based, and condition-based) [6]. However, effective
integration between humans and machines is essential when using sensors. Grandjean [7] describes the
man-machine system interface, and emphasises the role of operators in decision-making that is based on
perception data. Breton and Bossé [8] discuss the potential of automation systems in addressing problems
in environments with numerous sources of information, which can lead to fatigue and human errors. Klumpp
et al. [9] highlight the interdisciplinary nature of cyber-physical systems (CPS), including Industry 4.0 and
loT, and their impact on human-computer interaction (HCI) and efficient collaboration.

In the POMs, the combination of sensor monitoring and human control (SM&HC) enables operators to make
informed decisions based on real-time data. Operators read and analyse parameter processes from displays
to control the machine effectively. Maintaining the appropriate combination of processing parameters is
essential for oil yield and to minimise fibre oil loss, particularly when using the human monitoring and
controlling (HM&C) system. Transparency in the sensor-generated data facilitates planning, scheduling, and
controlling [10]. The application of SM&HC differs from full automation, as it combines the expertise of
operators with real-time data from sensors, which facilitates informed decision-making. This paper focuses
on analysing the benefits of reducing SM&HC loss in a POM.

2. METHODOLOGY

The analysis focused on the benefits of implementing a portable SM&HC system in a POM located in southern
Thailand. The POM had four sets of digester and screw press machines, each with a maximum capacity of
25 tons per hour, equipped with a total of 16 sensors (four sensors per machine set) to monitor processing
parameters. Evaluation of HM&C loss occurred through scenarios involving running capacity, fibre oil loss,
and nut crack loss, using three-month operation data during May and June 2023. A benefit analysis was
conducted by considering the reduction in the HM&C loss achieved through portable SM&HC.

2.1. Human monitoring of digestion and pressing and process control

The digestion and pressing process involved the preparation of mesocarp through digestion and subsequent
oil extraction using a screw press machine (Figure 1). The digestion process used a tank with steam injection
and a propeller to separate the nuts from the mesocarp. Three sets of rotary stirrers in the digester ruptured
oil cells in the palm fruit.

Displays
Screw
& M D Digester
M/C setno.1
0il \ M/C setno.2
. %
=3 Press N
| Handling of ; cake J M/C set no.3
___control ___ =
B M/C setno.4
_/
Operator Digestion & Pressing
( - 5

Controls

Figure 1: Diagram of digestion and pressing HM&C

In the HM&C system, check sheets were used by the operators to monitor parameters such as digester
temperature and it stirrer current as well as screw press pressure and it current via different displays. In
this control cycle, data were recorded on a check sheet every two hours, and the operators were responsible
for adjusting machines during the production process (Figure 1). The HM&C system followed a ‘human-
physical system’ model in which the physical system acted as the ‘executing body’ for tasks while humans
oversaw and used these systems. Within this framework, humans engage in activities such as perception,
cognition, learning, analysing, operating, and decision-making [11].

Scenario analysis was used to analyse multiple factors, each with various levels. For instance, Chucheep et
al. [12] used the scenario analysis to assess the benefits of reducing band saw wear under different
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changeover rates, machine numbers, and sawing rates. Meanwhile, Lie et al. [13] used such analysis for
continuously monitoring system failures. The parameters in operating the digester and press machine
affected the quantity of fibre oil loss and nut cracks in the press cake. The quantity of fibre oil loss varied
inversely with the quantity of cracked nuts. Therefore, scenarios of high level fibre oil loss were analysed
in conjunction with low-level nut crack loss; conversely, scenarios of low-level fibre oil loss were analysed
with high-level nut crack loss. The variables for analysing losses included running capacity, fibre oil loss,
and nut cracking. These loss scenarios combined three factors: running capacity (low level [18,000] and
high level [23,760]); fibre oil loss (low level [5.02%] and high level [5.42%]); and nut crack loss (low level
[12.75%] and high level [13.88%]). These were labelled A (L,H,L), B (L,L,H), C(H,H,L), and D (L,H,L)
respectively, and are shown in Figure 2. The HM&C loss was calculated by multiplying the volume of fibre
oil loss in each scenario by an approximate value of semi-crude oil at US$0.54 per kg (THB20 per kg) at an
exchange rate of THB36.8165 per US dollar [14] (Figure 2).

Human monitor &
control (HM&C)

Capacity Capacity at low level Capacity at high
scenarios L level (H)

| |

fibre oil loss at

fibre oil loss at fibre oil loss at

fibre oil loss at
high level
(H)

o

Fibre oil loss

low level high level lowlevel

L ) (L)

e

scenarios

Nt cselelass nut crack Loss nut crack loss nut crack loss nut crack loss
at low level at high Level at lowlevel at high level
w H) (L) (H)

Total loss loss walue loss value loss value loss value

value using scenario A scenario B scenario C scenario D

HME:C (LHL) (LLH) (H.H.L) (H.LH)

Loss

reduction [20%]  [r0%] [20%] [10%] [20%]

L loss loss loss loss loss loss loss loss
oss . reduction | [reduction |jreduction ||reduction | [reduction ||reduction | reduction | [reduction

reduction | ccenario || scenario || scenario || scenario | | seenarie || scenario || scenario || scenaric

value A-L A-H B-L B-H C-L C-H D-L D-H

Figure 2: Scenarios of loss when using HM&C and loss reduction when using SM&HC

The calculation of the total value of the loss in press cake was determined by the quantity of fibre oil loss
that exceeded 4%. The total loss value in the press cake was calculated on the basis of the excess amount
beyond the threshold values for fibre oil loss and nut cracks. The threshold values for fibre oil loss and nut
cracks were 4% and 10% respectively, which served as criteria for the oil palm milling process, as formulated
in Equation (1). Oil loss in the mesocarp was about 5% to 6%, as indicated by Corley and Tinker [15], Purnama
et al. [16], Wenten et al. [17], and Obibuzor et al. [18]. The factory’s fibre oil loss criterion, set at 4%,
was lower than the one established by Hermantoro et al. [19], which was set at 5%. Similarly, the factory’s
nut crack criterion of 10% was equal to that established by Hermantoro et al. [19].

(M

Total HM&C loss = Value of fibre oil loss over 4% + Value of nuts crack loss over 10%
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The estimated value of fibre oil loss (Equation 1) was about 90% of the crude palm oil (CPO) value, based
on the main processes outlined in the material flow chart: screening, settling tank, centrifuge, and vacuum
dryer, according to the Palm Oil Research Institute [5], or clarification, purifying/drying, and storage
according to Chew et al. [20]. The formulation was Equation (2), where Pc is a drying kernel price and F; is
a fibre oil loss scenario:

Value of fibre oil loss = (0.9) x (Pc) x (FL - operating loss criterion (4%)) (2)

The calculation of the value of the nut crack loss (Equation 1) was estimated, as formulated in Equation
(3), at 80% of the dry kernel value, considering the several main processes outlined in the material flow
chart of the Palm Oil Research Institute [5]. The selling price of kernels was set at US$0.38 per kg. In
Equation (3), Px is a drying kernel price and Nc_ is a nut crack loss scenario:

Value of nut crack loss = (0.8) x Px x (NcL - operating nut crack criterion (10%)) (3)
2.2. Design of digestion and pressing SM&HC

Two sensors - a thermocouple (PT100, Model TSP-08) for measuring palm fruit temperature (di-
temperature) and power sensors (di-current) for the stirrer motor current - were designed to monitor the
digestion process. In addition, other two sensors - power sensors (KTC-36 500A/5A) to track the motor
current in a screw press machine and pressure sensors (8287.34.2517 Pressure Sensor 0-250bar 4-20mA
Trafag) to oversee its hydraulic pressure - were used for the screw press machine. The SM&HC system was
used in commercial sensors for proximity, type K temperature, current (0-100 A) with output (0-24 mA),
together with pressure sensors (0-100 kg per cm?). The system also used a sensor receiving data unit, long-
range data communication with a maximum distance of 3,000 meters [21], a display-recording and control
unit (as shown in Figure 3), along with portable displays for the operator’s control room and the supervisor’s
office. The system facilitated data collection and transfer through long-range (LoRa) data communication
via serial RS 485 to the portable recording and control unit for real-time monitoring and decision-making.

o it T 1 1

Digester no.1 Digester no.2 Digester no.3

v

Digester no.8

(1) Di-current

(2) Di-temperature

Input- o
steam

pressure

h H
Press cake v
e & mun T T T

Dagt recetving it f Displayrecording and control

FTETE[T [P
T

Storage data format

Figure 3: Design of digestion and pressing SM&HC
2.3. Installing monitoring system for sensors

The sensor monitoring system comprises three main parts (Figure 4): (1) installation of four sensors for each
set of digestion and pressing machines; (2) a sensors’ data receiving unit; and (3) a portable display-record
and control unit for the operator and supervisor’s office. The design uses plug-and-play sensors and
commercial long-range data communication technology to reduce wiring costs and to enhance operational
efficiency. However, installing sensors on digester and pressing machines requires shutting down machine
operations and the involvement of highly skilled technicians with expertise in electrical systems, which
became an operational limitation in fitting the equipment.
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Figure 4: SM&HC (a) digester temperature, (b) pressure sensor, (c) current sensor, (d) sensor
receiving data unit, (e) portable display-record and control unit, and (f) retrieving data

2.4. Benefit of reduced HM&C losses by installing SM&HC system

The reduced losses in the HM&C system came from using the man-machine system’s working mechanism in
which operators received parameter data from every digester and pressing machine via a portable display
in real time. This was faster than the traditional HMW&C parameter inspection process (Figure 5). The design
of the SM&HC system was compared with a digital manufacturing system, which is characterised by the
emergence of a cyber system between the human and physical systems. Supervisors monitored the machine
operation parameters in real time to control and command parameter adjustments as needed (Figure 5).
Furthermore, the ability to trace the machine operation’s parameters allowed for retrospective analysis to
identify areas for improvement.

The benefit of reducing HM&C loss stemmed from obtaining rapid and precise data and easing decision-
making. Cost-reduction scenarios were established on the basis of primary figures from a condition-based
maintenance strategy for offshore wind turbines. These scenarios aimed to decrease operational lifetime
costs by 20% compared with preventive maintenance, which was simulated using hidden Markov models by
May and McMillan [22]. The scenarios ranged from 10% (low level) to 20% (high level); see Equation (4).

Benefit ={Value of HM&C total loss scenario A-D} x {Reduction level (10%, 20%)} (4)

The analysis scenarios to reduce human monitoring and control loss encompassed the entire benefit analysis
of eight scenarios, including the benefits of a 10% reduction in four scenarios (A-L, B-L, C-L, and D-L) and
a 20% reduction in scenarios A-H, B-H, C-H, and D-H. The details of all the benefit scenarios are shown in
Figure 2 above.
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Figure 5: Diagram of portable SM&HC
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3.  RESULT
3.1. Losses in the HM&C system

Using check sheets, shift reports, and daily reports with lower accuracy leads to slower adjustments to the
digester and pressing machine. Low-speed control results in exceeding the criteria for both fibre oil and
nut crack losses. The total values of the losses were the one for fibre oil loss of over 4% (Equation 2) and
the one for nut crack loss of over 10% (Equation 3) in the press cake.

3.1.1. Losses in the HM&C scenarios

The variables in analysing the HM&C losses consisted of running capacity, fibre oil loss, and nut crack loss.
The details of setting the levels for each factor were derived from the operational data for May, June, and
July 2023. The capacity variable, which came from the production quantity data over the same three
months, summarised the monthly machine operations for machine sets no. 1-4 (Table 1). The production
quantities of fresh fruit bunches (FFB) were 22,080 tons in May, 18,000 tons in June, and 23,760 tons in
July, as shown in Table 1. The low production capacity range was then set at 18,000 tons and the high level
at 23,760 tons of FFB per month. The variable in the amount of fibre oil loss was derived from the laboratory
analysis of the fibre oil loss from press cake during the three-month production period, which provided the
summarised information presented in Table 2, which displays the results of the analysis of cracked nuts
corresponding to the quantity of oil loss in fibres.

Table 1: Capacity scenarios

Month Running of Running of Running of Running of digester & |Production quantities
digester & screw |digester & screw |digester & screw |screw press M/C no.4 (tons FFB per month)
press M/C no.1  |press M/C no.2 press M/C no.3

Shift A [Shift B [Shift A |Shift B [Shift A [Shift B |Shift A [Shift B
May 2023  [14.00 |13.00 [14.00 |14.00 15.00 |15.00 4.00 3.00 22,080
June 2023 [12.00 (13.00 (12.00 |13.00 12.00 |13.00 0.00 0.00 18,000 (L)
July 2023  [16.00 (15.00 (14.00 |13.00 12.00 |10.00 8.00 11.00 23,760 (H)

Table 2: Fibre oil loss scenarios

Month Fibre oil loss (%) Detail of running M/C Screw press motor current | Nuts crack (%)
(Ampere)
May 2023 Mean 4.53 N/A N/A N/A
May 23, 2023 Min. 3.55 M/C set no.3; Shift A 63.15 10.73
May 23, 2023 Max. 5.42 (H) M/C set no.2; Shift A 58.40 8.45
June 2023 Mean 4.25 N/A N/A N/A
June 13, 2023 Min. 3.22 M/C set no.2; Shift A 58.80 7.63
June 13,2023 Max. 5.04 M/C set no.2; Shift B 56.20 7.98
July, 2023 Mean 4.46 N/A N/A N/A
July 29, 2023 Min. 4.04 M/C set no.1; Shift A 61.15 7.57
July 11,2023 Max. 5.02 (L) M/C set no.2; Shift A 69.50 10.34

Table 2 also shows the maximum fibre oil loss for each month: 5.42% in May, 5.04% in June, and 5.02% in
July. The 5.42% in May was set as the high level of fibre oil loss, while the 5.02% in June was set as the low
level. The fibre oil loss in the case study exceeded the factory standard of 4%. However, compared with
the criteria set by Hermantoro et al. [19], which specified a fibre oil loss threshold of not more than 5.0%,
it was only slightly higher. Table 3 shows the maximum nuts crack loss in May (13.26%), June (13.88%) and
July (12.75%) which exceeds the factory's operational standard by 10% and aligns with the criterion
established by Hermantoro et al. [19]. Therefore, the low-high scenarios range of nuts crack loss for analysis
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is set between 12.75 and 13.88%. In Table 3, the nuts crack percentage in July is low at 12.75% and the
fibre oil loss is also low at 3.99%. This data implies that other factors may affect oil loss and nuts cracks.

Table 3: Nut crack loss scenarios

Month Nuts crack (%) |Detail of running M/C |Screw press motor current (amperes) Fibre oil loss (%)
May 2023 Mean [9.13 N/A N/A N/A
May 11, 2023  [Min. [3.75 M/C set no.1; Shift B |64.40 4.19
May 22, 2023 [(Max. [13.26 M/C set no.2; Shift B |63.90 4.70
June 2023 Mean |9.07 N/A N/A N/A
June 4, 2023  |Min. |5.43 M/C set no.1; Shift B |64.40 4.28
June 24, 2023 |Max. [13.88(H) [M/C set no.1; Shift B |65.30 4.16
July 2023 Mean |8.68 N/A N/A N/A
July 12, 2023 |Min. |4.51 M/C set no.3; Shift B |68.60 4.58
July 19, 2023 |Max. [12.75(L) [M/C set no.4; Shift A |66.45 3.99

3.2. Total loss from human control and monitoring

The calculation of the total loss value from HM&C is based on the data range scenarios from Figure 2, the
running capacity (18,000, 23,760) from Table 1, the fibre oil loss quantity (5.02, 5.42) from Table 2, and
the nut crack quantity (12.75, 13.88) from Table 3. The value of the fibre oil loss was calculated using
Equation (2), with the fibre oil loss value set at 90% of the selling price of crude palm oil, the fibre
proportion per FFB set at 13%, and the maximum threshold for oil loss in fibres during machine operation
set at 4%, as specified in section 2.1.

Value of HM&C fibre oil loss scenario A = (0.9)(0.54)x(18,000x1,000x0.13)x(0.0542-0.04)
= US$16,245 per month

Equation (3) was used to calculate the value of nut crack loss, with the estimated value of nuts crack set
at 80% of the price of dry kernels, as detailed in section 2.1. The proportion of press cake (fibre and nuts)
was set at 25% of the FFB, with the proportion of nuts in the press cake being 42%.

Value of nut crack loss scenario A = (0.8)(0.38)x(18,000x1,000x0.25)(0.42)x(0.1275-0.10)
= US$15,813 per month
Total loss scenario A = US$16,245 + US$15,813 = US$32,058 per month

Scenarios B and D revealed low-level quantities of fibre oil loss, with the oil loss in fibres amounting to
1.02% (5.02%-4.00%), whereas scenarios A and C showed high-level quantities of fibre oil loss at 1.42%
(5.42%-4.00%). For scenarios A and C, the nut crack quantities were at a low level of 2.75% (12.75%-2.75%),
while its quanties in scenarios B and D were at a high level of 3.88% (13.88%-10.00%).

Figure 6 shows that the factory criterion for the total loss of excess ranged from US$32,058 (scenario A) to
US$44,853 (scenario D) per month. The maximum value of fibre oil loss occurred in scenario C, with a
capacity of 23,760 tons per month and a fibre oil loss of 5.42%, resulting in a loss value of US$21,443 per
month, accounting for 51% of the total loss. Meanwhile, the highest value of nut crack loss was observed in
scenario D, with a production capacity of 23,760 tons FFB per month and a cracked nuts quantity of 13.88%,
resulting in a loss value of US$29,450 per month, constituting 65.7% of the total loss value. That 65.7%
highlighted the importance of controlling nut cracking during fibre oil loss control. The technology of
kernel-free pressing would be suitable for minimising fibre oil loss and nut cracking, as suggested by Wondi
et al. [23].
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Figure 6: Total loss value in HM&C scenarios
3.3. Reduction of loss value using portable SM&HC

The use of SM&HC by installing sensors in the digestion and pressing processes showed real-time results
while ensuring accuracy and precision. This real-time feedback enabled retrospective analysis, facilitating
rapid and convenient process control. It established a supervisory control mechanism, allowing for the
analysis of overall loss reduction. Matyas et al. [24] introduced a prescriptive maintenance approach for
triaxial machining centres in the automotive industry by aiming to reduce overall maintenance costs of 30%
(avoidance of direct and indirect failure correction costs) and to increase maintenance planning savings by
20%. The system architecture included data acquisition, preprocessing, analysis, simulation, failure
prediction, and a prescriptive maintenance decision support model. It optimally predicts future
malfunctions, and recommends the maintenance actions that technicians should take. The analysis of
process data to bring about improvements involves the presentation of real-time data that include the
date, time, and process parameters of the digester temperature, the screw press pressure, the digester
current, and the screw press current for machines numbered 1 to 4. To achieve a balanced manufacturing
system that maximises profit without compromising product quality, it would be essential for operators and
machines to interact properly. This balance could be attained by categorising activities into information
handling and physical work so that the subsequent tasks in each category could be allocated according to
the ‘level of automation’ [25].

3.3.1. Basic analysis of data from portable sensor monitoring

The portable sensor monitoring of the SM&HC system features a portable monitoring display that receives
data wirelessly from the sensors. This portability allows the operators to monitor real-time data and to
take prompt control actions from their office or from other designated locations. In contrast, a fixed display
is integrated into the HM&C system, in which data are recorded every two hours using a check sheet. The
data obtained from the SM&HC system have proven invaluable in providing precise and transparent
information with the capacity to be traced. The system delivers detailed data at intervals of every five
minutes, as shown from 08:00 to 19:55 on 9 January 2024 for machine sets nos.1-4 (Figure 7). The
international standard for integrating enterprise and control systems (ISA 95) has five categories or levels.
Level 1 contains intelligent devices responsible for measuring and manipulating the physical processes on
site, and common instruments at this level are sensors, analysers, effectors, and related equipment; and
level 2 represents the control and supervision of the underlying activities [26]. The SM&HC system meets
the criteria of level 1.

As mentioned earlier, the data fluctuate constantly. The data from machine sets nos. 1-4 (Figure 7) show
that set no. 2 stopped at 10:05, as indicated by the screw press hydraulic pressure (SP pressure 2 in Figure
7(b)), the motor digester current (di-current 2 in Figure 7(c)), and the motor screw press current (SP current
2 in Figure 7(d)), while the digester’s temperature gradually decreased (di-temp 2 in Figure 7(a)).
Furthermore, examining the parameters in operation between 08:00 and 10:00, the hydraulic pressure of
screw press no. 2 was higher than the others (Figure 7(b)) before the shutdown. At the same time, the
digester current no. 1 showed a higher average value than the other machines, peaking at 89.7 amperes at
14:00 and dropping to 38.2 amperes at 19:20 (Figure 7(c)). The palm fruit feeding pattern from the
threshing machine to digesters no. 1, 2, 3, and 4 affected digester no. 1, which is always full during
production. A further assessment of the palm fruit levels in the digester would be needed. Moreover, the
kernel press current correlated with the wear of the stirrer blade in the digester and of the worm screw in
the press screw.
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The efficiency of the screw press plays a crucial role in maximising oil extraction, as a poorly functioning
press can lead to increased oil loss and maintenance expenses. Maintaining stable press cage pressure in
the screw press system is pivotal in minimising oil loss and nut breakage in the press cake. While a higher
pressure enhances oil recovery, it also raises the risk of nuts cracking [27]. For instance, if the digestion
process involved a blend of oil palm fruit with a high Pisifera to Tenera/Dura ratio, there would be notable
oil retention in the pressed mesocarp fibre and sludge. This could be attributed to the Pisifera’s elevated
mesocarp-to-kernel ratio, which would create problems for the press and yield substantial sludge, causing
inefficient oil retrieval. In addition, inefficient shearing by the digester’s stirrer could contribute by failing
fully to rupture the oil-bearing cell walls to release the oil [28]. The quantities of fibre oil loss and nut
crack occurring during the stirring and pressing processes result from the various causes mentioned above.
SM&HC offers advantages, as humans have strengths such as sensing unexpected stimuli, devising new
solutions to problems, generalising from observations, and making decisions based on incomplete data [29].
Concerning the oil extraction rate (OER), Chew et al. [20] note that it depends on various factors, such as
the oil content in oil palm fruit, the maturity of the oil palm trees, soil conditions, the climate, harvesting
techniques, fruit quality, and the efficiency of the oil extraction processes in the mills. In addition, their
study estimated that the milling efficiency of a well-managed mill in Malaysia was around 90%, which
resulted in an oil loss equivalent to 1.5%-2.0% of the OER. In Thailand, the Ministry of Industry’s 2019
notification [30] mandated that POMs had to achieve an OER of no less than 18%.
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Figure 7: Retrieved data from SM&HC: (a) digester temperature; (b) screw press pressure; (c) digester
current; and (d) screw press current
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3.3.2. Reduction of loss value using portable SM&HC

The analysis of the scenario-based reductions in total loss (A-L, B-L, C-L, and D-L) revealed that the use of
an SM&HC system that displays real-time and accurate process parameter data could lead to reduced loss.
In the low-level scenario, the total loss values for scenarios A (US$3,206), B (US$3,398), C (US$4,232), and
D (US$4,485) per month were reduced (Figure 8(a)). The reduced loss, thanks to SM&HC, stemmed from
the availability of real-time data and the ability to cross-check and analyse retrospective data, which was
a significant improvement over traditional HW&C. When considering the possibility of further reducing the
loss value by 20% (Figure 8(b)), the highest level of reduction in scenario D-H amounted to US$8,971 per
month. For the SM&HC system to function at its best, training in using data from the portable display-
record and control unit would be essential, as it would ensure swift process control and data analysis,
yielding retrospective insights. The losses in press cake were influenced by various parameters such as FFB
ripeness, the sterilisation process, the digester blade life, and the worm screw life. Given the high running
capacity of the POMs, even small decreases in quantity could lead to significant reductions in value. In this
study, with a capacity of 18,000 to 23,760 tons per month, a 20% reduction in losses would result in a
significant reduction of up to US$8,971 per month.
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Figure 8: Loss reduction scenarios of implementing SM&HC (a) at 10% level and (b) at 20% level
4.  DISCUSSION

Typically, the digester temperature, screw press pressure, digester current, and screw press current of the
palm oil milling process are monitored using check sheets, shift reports, and daily reports - that is, the
HM&C system. However, imprecision and inaccuracy in using the HM&C system is possible. For instance,
the check sheets recording the parameter values for every two hours on 9 January 2024 were submitted at
the end of the workday, and showed inconsistencies in some parameters. Examples were the digester
temperature for machine No. 1 at 80° C, the hydraulic pressure for screw press No. 2 at 70 bar, and the
motor current for screw press No. 2 at 65-67 amperes. However, these methods have limited accuracy,
leading to slower adjustments to the digester and the pressing machine. In actual production, it is unlikely
that parameter values remain constant throughout the operational period. Insufficient process control may
lead to significant losses in fibre oil and to nut cracking, as observed in the study of Kandiah et al. [31],
which reported on the daily performance of the Bukit Puteri Mill’s press machine no. 2, where the fibre oil
loss ranged from 4.45% to 7.33% and broken nuts from 10.90% to 40.50%. The appropriate values for each
machine set in the context of POM can vary; for example, the minimum fibre oil loss was 7.63% when the
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pressing machine was set at 80 bars [19], a heating time of 20 minutes, and an extraction time of 10 minutes
at 80° C. This showed an extraction pressure of 25 MN per m?, which, although relatively high, had a
significant impact [3]. However, when the extraction pressure was lower than 25 MN per mZ?, the oil yield
decreased from 37% to 22%. In addition, higher temperatures generally result in higher yields than with
those below 100° C. The system enhances transparency, enabling more effective planning, scheduling, and
controlling of manual assembly processes, and leading to cost and time savings as well as to improved
quality [10].

The oil yield from the pressing process is significantly influenced by factors such as the digester
temperature, the screw press pressure, the digester current, and the screw press current in the palm oil
milling process. Increased hydraulic pressure results in a greater number of cracked nuts [32]. Total losses
from fibre oil loss and nut cracking are affected by various factors: (1) the FFB characteristics, such as palm
tree age, varieties, harvesting practices, and fruit ripeness; (2) variation in the sterilisation process, such
as the steam pressure and sterilisation time; and (3) variations in the digestion and pressing process,
including machine wear and parameter control. In addition, fluctuations in the digester current (No. 1
parameter), as shown in Figure 7(c), cannot be effectively detected using traditional HM&C methods such
as check sheets, thus highlighting the limitations of human-based monitoring. Integrating sensors for data
collection while retaining human decision-making would be a suitable approach for traditional POMs that
lack automation. The SM&HC system offers a real-time and comprehensive view of the process, enabling
operators to make better decisions and more precise adjustments. Sensor data serve as a reliable source
of information, fostering continuous improvement in the palm oil production process.

The portable sensor monitoring system in the SM&HC framework is designed for ease of use, and it can be
deployed wherever it is needed in the oil palm milling plant. It can be seamlessly integrated with existing
production processes and machinery without requiring modifications, thus addressing a key concern among
mill owners. In addition, some sensors from the HM&C system are compatible with the SM&HC system,
ensuring smooth implementation and enhanced monitoring capabilities. The losses associated with the
HM&C system, particularly fibre oil and nut crack losses, are significant in mills processing 18,000 to 23,760
tons of FFB per month, with total losses ranging from US$32,058 to US$44,853 per month (based on scenarios
A to D). Implementing the SM&HC system would enable rapid, precise, and comprehensive data feedback,
which is particularly valuable when operators manage multiple functions. The impact of automation on
human operators varies: automating the gathering of information only increases the mental workload,
fatigue, and error rates, whereas automating both information-gathering and situational understanding
would reduce these problems and improve process efficiency. Sensor-based monitoring provides ongoing
insights into the process parameters, ensuring stable, accurate, and traceable control. The transparency
of sensor-obtained data is crucial for effective process control planning, as shown in the research of Karcher
et al. [10]. The portable SM&HC system significantly improves the accuracy of feedback, reducing
production losses. A 10% to 20% reduction in losses through this system could yield monthly savings of
USS$3,206 to US$8,971.

Moreover, the total losses from fibre oil loss and nut cracking depend on seasonal variations in the quantity
of palm fruit bunches and on the machinery and the technological capabilities of each POM. Scenario
analysis provides a structured approach to evaluating different conditions in various POMs.

5. CONCLUSION

This study has analysed the scenarios for total loss values that result from fibre oil loss and kernel cracking
in the digestion and pressing processes. Each traditional palm oil extraction plant adjusted its digester and
pressing machine parameters to suit various factors such as palm variety and the sterilisation process by
using the HM&C system to track its machine operations. Key parameters that were tracked included
digested temperatures of 95-100° C, stirrer motor currents of 65-70 A for the stirrer and screw press
machine, and hydraulic pressures of 65-70 bars for the screw press machine. Analysing the scenarios with
the HM&C system involved recording parameter values in check sheets, shift reports, and daily summaries.
The variables included running capacity (18,000 and 23,760 tons per month), fibre oil loss (5.02% and 5.42%)
and nut cracking (13.26%-13.88%), resulting in total loss values ranging from US$32,058 to US$44,853 per
month. In addition, in scenario D, nut crack loss accounted for 65.7% of the total loss value. Analysing the
reduction of fibre oil loss and nut cracking using the SM&HC system with two sensors for the temperature
and motor current of the digester machines and with two sensors for the hydraulic pressure and motor
current for the pressing machines generated real-time, transparent, and traceable data. The scenarios that
reduced losses by 10% and 20% showed a potential monthly cost saving ranging from US$3,206 to USS$8,971.
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