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ABSTRACT

Hydrogen is the main choice of renewable fuel since it brings significant benefits compared with the other conventional
fuels, such as the use of waste substrate, cleaner and highest energy density. Biological hydrogen production route is cost
efficient since it can be processed in ambient conditions, easy operational techniques while keeping the environment safe.
Dark fermentation to produce bio-hydrogen has received widespread attention from researchers in the present decades
especially due to not requires light sources. This work is a study of the optimization of process conditions particularly pH
and temperature of a dark fermentation bioreactor to produce Bio-H, from palm oil mill effluent (POME) by using fuzzy
logic controller. The simulation started by developing process and instrumentation diagram (P&ID) of bioreactor. Then a
conventional PID controller and fuzzy logic controller were simulated by using MATLAB SIMULINK and the results were
compared with each other in terms of safety aspect. The temperature of 37°C and pH of 6 is the optimum conditions that
needs to be maintained to yield the hydrogen at 2.79 mol H, mol” glucose. The pH is able to reach optimum value at 600s
and 30s by using the PID controller and fuzzy logic controller, respectively. Same goes to temperature control, where the
parameter reaches optimum value at 200s and 0.3s respectively. Based on these promising results, fuzzy logic controller
is a good replacement for the conventional control systems since it requires shorter time to optimize process conditions,
consequently making sure the safety aspect is well guaranteed.
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INTRODUCTION

Malaysia currently accounts for 28 percent of global palm
oil production and 33 percent of global exports, making
palm oil one of Malaysia’s leading agricultural products
(Lok et al. 2020). This can be proved where the palm
oil industry contributed to 8.7% of the country’s gross
domestic product (GDP) in 2018 (Mahmod et al. 2020). In
recent times, over 19.4 million tonnes of crude palm oil
have been extracted, accounting for approximately 20% of
total processed fresh fruit bunches, with the remaining 65%
remaining as POME by-products (Maaroff et al. 2019). Palm
oil mill effluent (POME) is produced during processing oil
palm from palm oil mill for, which consists of 95% of water
and 5% solids, with high chemical oxygen (COD) demand,
biological oxygen demand (BOD) and acidity (Sarwani et
al. 2019).

The current global energy demand is largely dependent
on depleting fossil fuel reserves, and the world is facing
severe pollution problems as a result of the by-products
produced from usage of fossil (Ghimire et al. 2015). One of
the main sources of greenhouse gas emission is combustion
of fossil fuel and waste (Panin et al. 2021). Thus, hydrogen
has provided hope for achieving the need for sustainable and

clean alternative energy sources to reduce the dependence
on fossil fuels. Hydrogen is expected to play a key role in
decarbonising the energy and transport sector (Sekoai et al.
2020). Currently, more than 90% of hydrogen is generated
through catalytic reforming of natural gas or fossil fuels,
which emits huge amounts of CO, as by-product into the
atmosphere (Ghosh et al. 2018). Apart from that, other routes
of hydrogen or so called bio-hydrogen can be produced
through different processes including photolysis, photo-
fermentation, dark-fermentation, and CO gas-fermentation
(Akhlaghi & Najafpour-Darzi 2020).

These biological routes are much eco-friendly and
less energy demanding compared to the chemical or
physico-chemical processes (Ghosh et al. 2018). The dark
fermentation process seems to be more interesting since
it does not require any light energy, moderate process
conditions, and lower energy requirements (Gopalakrishnan
et al. 2019). Back to topic, the discharge of untreated
POME can be harmful to the environment as it is has an
unpleasant smell with other dissolved organic materials
that can contaminate water bodies (Hamzah et al. 2020).
The high nutrient content in the POME allows it to be an
ideal source of sugar feedstock and possibly to be utilized
as fermentation medium in anaerobic treatment processes
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(Jamali & Jahim 2016). The requirement for POME to be
released to the water stream should meet the regulatory
standard of BOD (20 mg/L), COD (1000 mg/L), total solid
(1500 mg/L), suspended solid (400 mg/L), oil and grease
(50 mg/L) and total nitrogen (50 mg/L)(Syafigah Hazman et
al. 2018). Thus, the utilisation of POME into bio-hydrogen
can help to boost up the hydrogen economy and reduce the
impact of the effluent into the environment by treating it and
lowered the pollutant concentration.

When it comes to using feedback control, the PID
controller has long been a go-to choice. It can be used in
a variety of technical fields, including industrial processes
and process instrumentation (Khew Mun Hong et al. 2021).
Several scholars have paid attention to the fuzzy logic
method, which has been used in a variety of areas, including
ecosystems and environmental science, as well as energy
evaluation and prediction of anaerobic digestion processes
(Cardenas et al. 2020). FLC has the ability to process input
data while also producing the required output by executing
rules (Sulaiman et al. 2018; Suspensions 2001).

In this study, an optimisation of process conditions of
a bioreactor has been done to produce of Bio-H, from dark
fermentation of POME. The objective of this study began
with construction of piping and instrumentation diagram
of bioreactor, followed by simulation of conventional
PID control system and Fuzzy Logic control systems, and
comparison between the response of both controllers in
terms of safety aspect.

METHODOLOGY

CONSTRUCTION OF PIPING AND INSTRUMENTATION DIAGRAM (P&ID)

To develop a process control system, constructing a piping
and instrumentation diagram (P&ID) is a crucial step since
it allows to see the functional relationship between pipeline,
instrumentation, and system equipment components (Ray et
al. 2020). Hence, flow diagram is the most effective method
to deliver information about a process (Turton et al. 2018).
So, P&ID will be developed after a thorough literature
review on production of Bio-H, from POME. The operating
conditions, the reaction stoichiometry, are the main data that
needs to be determined in this study.

SIMULATION OF CONVENTIONAL PID CONTROL SYSTEM

A wide known of conventional process control system is
proportional (P), integral (I), derivative (D), proportional-
plus-integral (PI), proportional-plus-integral-plus-derivative
(PID). When choosing a controller, one must make sure it
has a fast respond, minimum overshoot, and low steady state
error for a particular process unit (Kumar 2014). The steps

to simulate the conventional controller of unit operation has
been shown in Figure 1 below.
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FIGURE 1. Steps in Conventional Process Control System

First step, bioreactor is chosen as the unit operation
while PID controller as the conventional controller. Next,
Figure 2 represents the extension of steps in Figure 1 that
can be followed to construct the conventional controller by
using MATLAB SIMULINK R2021b software. By using the
software, a block diagram of process control system will
be done with and without conventional PID controller to
compare the output response. After the simulation finished,
the study will be proceeded with the simulation of fuzzy
logic controller.
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FIGURE 2. Steps in Simulation of Conventional Process
Control System
Source: Zohedi et al. 2020

SIMULATION OF FUZZY LOGIC CONTROLLER (FLC) SYSTEM

Figure 3 represented the steps that needs to be followed by
using MATLAB SIMULINK R2021b software to construct
FLC system.
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FIGURE 3. Steps in simulation of FLC Control System

Table 1 shows the settings on the Fuzzy Logic Designer
Toolbox for developing rules and surface viewer.

TABLE 1. Fuzzy Logic Designer Toolbox Settings

Input Variable(s)
Output Variable(s)

Inference System

pH and Temperature
Yield of bio-H,

Mamdani

Membership function Triangular representation

Defuzzification Centroid

RESULTS AND DISCUSSION

PIPING AND INSTRUMENTATION DIAGRAM (P&ID)

After enough data has been collected on production of
POME to Bio-H,, the P&ID of bioreactor is constructed as
shown in Figure 4 while Table 2 shows the description of
each symbol in the P&ID.

TABLE 2. Symbols Description in PFD

Description
Input & Output

Symbols

( '.

]

Stream Number

Utility

Before entering the bioreactor, POME sludge taken from
anaerobic pond at 9d sludge age are collected at Tennamaram
Palm Oil Mill, Bestari Jaya, Selangor and pre-heated at
80°C to inactivate hydrogenotrophic methanogens and
enrich it for the HPB before cooling down to 25°C (Akhbari
et al. 2019; Mahmod et al. 2021). Substrate (POME) also
collected at the same pond, after acidification process and
cool down to 4°C. Then, POME substrate at 4°C together
with pre-treated POME sludge at 25°C enters the bioreactor
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(FR-101) and were stirred at 150 rpm to cultivate the
hydrogen mixed bacteria. Then, the bioreactor was sparged
with nitrogen (N,) gas for 3 minutes to allows operations
in anaerobic conditions. The pH was adjusted with sodium
hydroxide (NaOH) and hydrochloric acid (HCL) (Akhbari et
al. (2019), while the bio-reactor temperature is controlled
by circulating a jacket around the bio-reactor with hot water
(Lutpi et al. 2016).

Sodium Hydroxide

POME Seed Sludge

Nitrogen
Outlet Water

FIGURE 4. P&ID of Bioreactor (FR-101)

As can be seen in the P&ID from Figure 4, two feedback
controller was done on the bioreactor which is for pH and
temperature. As can be seen, a transmitter denoted by (TT)
and (pHT) will detect any deviations from the set point, and
then controller denoted by (TC) and (pHC) will adjust the
input variable until it achieved to desired set point value.
Controllers’ decision will determine whether the control
valve is opened or closed.

CONVENTIONAL PID CONTROL SYSTEM

This section discussed the result of simulation conventional
control system on bioreactor. The explanation will be done
one by one as referred to the steps given in the methodology
section. Since bioreactor has been chosen, the assumption
for this unit operation is constant volume, perfectly mixed,
steady-state process, and jacket for controlling the operating
temperature.

The control objectives are to control pH and temperature
of the bioreactor. Thus, the variables need to be manipulated
is the amount of sodium hydroxide (NaOH) and hydrochloric
acid (HCL) and amount of hot water circulating the jacket
of bioreactor. Next step is to determine the stoichiometry
of the dark fermentation of POME. Based on paper by
Sivaramakrishnan et al. (2021), eq. (1) below represents the
stoichiemetry equations for dark fermentation of POME to
Bio-H,.

C4Hy,04 + 2H,0 —— 2CH;COOH + 4H, + 2CO, (1)

To develop the transfer function, mass and energy balance
were develop as shown in Equation (2) to (7).
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Total Mass Balance,

Energy Balance on Cooling Jacket,

R 1) BN
PiCeVi— = PICriF;(Tio — T + Ua, (T =)

av
Pt~ p1F1 + p1F2 — p3Fs @)
Component balance on Glucose (A), Derive the equation, to obtaip the transfer function for
pH and the temperature as shown in Eq. (8) and (9).
dC
vd—tA =F1(Cao —Ca) —Ta ©) - _T(S) 5111 .
Temperature — Tj'(S) - 0.0637s + 1 ( )
Component balance on Water (B),
dc _0.8281 ©)
Vd_tB =F1(Cpo — Cp) —Ta “) P 5s + 1
Next, there 10 number of variables, with 6 equations and 2
Component balance on Product (C), disturbances, so the degree of freedom (DOF) was calculated
dCc as shown below.
Vo = F3(Cco—0) + 14 5)
t Degree of Freedom = 10 (V) — 6 (Eq.) —2 (D) = 2
Energy Balance, Based on the DOF, it can be confirmed that there were
DT two controllers requires to control pH and temperature. The
PCpV = PCeF; (To—T)+AVra —Up (T —T;))  (6) set point is set to 37°C and pH of 6. The fermentation takes
24 hours, and innoculum substrate ratio (ISR) at 0.8. The
disturbance is the temperature and pH inlet of the bioreactor.
Figure 5 shows the Simulink block, where the simulation is
done with and without PID controller.
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FIGURE 5. Simulink Block (With and Without PID Controller)
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FUZZY LOGIC DESIGNER IN MATLAB

Table 3 shows the data obtained from Akhbari et al. (2019) - /><><\

which was applied to develop the FLC rules. rartan
pp ’ =
TABLE 3. Data of pH, Temperature and Yield of Bio-H, |Fs.....,;mwm = P = |
Input Output o = || .
Temperature Hydrogen Yield mpcaton - Bl e
pH (°C) (mol H, mol"' glucose) ;“::m = = =
6.00 (H) 30.00 (L) 3.26 (H) —_— [ = ll
5.50 (M) 35.00 (M) 3.32 (H)
5.00 (L) 30.00 (L) 1.01 (L) FIGURE 6. Main View of Fuzzy Logic Designer
3500 35.00(M) 263 (M) Based on the parameter in Table 3, the membership
5.00 (L) 40.00 (H) 263 (M) function was developed by inserting the lowest value and
5.50 (M) 35.00 (M) 2.69 (M) highest value for each input and output as shown in Figure
5.0(L) 40.00 (H) 3.46 (H) 7.
6.00 (H) 40.00 (H) 3.42 (H) _ ——
5.50 (M) 35.00 (M) 2.7 (M) = e
6.00 (H) 40.00 (H) 3.63 (H) o
5.50 (M) 30.00 (L) 3.29 (H) o
6.00 (H) 35.00 (M) 3.82 (H) N
Source: (Akhbari et al. 2019) o . ::'"""’"““F"""”"‘”““"Z”"”
Type input Type trimf. =
Next, Figure 6 and Figure 7 shows the main view and o e |Pm = "lm‘wwm —

membership function in Fuzzy Logic Designer Toolbox.
FIGURE 7. Membership Function Plot

Then, as shown in Figure 8, once the rules have been
set-up, we can see the 3D XYZ relationship between the
input variables which is pH and temperature towards the
output of the process which is the yield of Bio-H,. At 37°C
and pH of 6, the yield of Bio-H, is 2.79 mol H, mol'glucose.

PH=6 37 ydrogen_Yield =2.79
1 L ] A
[zl [ ] [A
s[> L] &

1. If (pH is High) and (Temperature is Low) then (Hydrogen Yield is High} (1} 4 [ | [ |

2. If (pH is Median) and (Temperature is Median) then (Hydrogen_Yield is High) (1) - —

3. If (pH is Low) and (Temperature is Low ) then (Hydrogen_*ield is Low) (1) s [ | ‘_l | ‘

4. I (pH is Median} and (Temperature is Median) then (Hydrogen_Yield is Median) (1) 8 | ] | ] 3
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FIGURE 8. Rules, Rules Viewer and Surface Viewer on FLC
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SIMULATION OF FUZZY LOGIC CONTROLLER (FLC) SYSTEM

Once creating the rules and surface viewer in the Fuzzy
Logic Designer Toolbox in MATLAB has been done, now .fis
data files will be exported into the workplace of SIMULINK,
to begin incorporating fuzzy logic technique for process
control system. This simulation were done by following all

the steps mentioned in Methodology section earlier. Figure
9 shows the Simulink block of fuzzy logic control for pH
and temperature, respectively for the bioreactor developed
by using MATLAB SIMULINK R2021b.

After both conventional PID control system and FLC
system has been developed, now the comparison of response
between the two controllers can be done.

5111

@

{2

»
0.0637s+1

Temperature Display

0.8281

Ss+1

O

pH Display

FIGURE 9. Simulink Block of FLC

After both conventional PID control system and FLC
system has been developed, now the comparison of response
between the two can be done. Figure 10 shows the output
response of pH in bioreactor without the controller, with PID
controller, and FLC. Without any controller, the pH cannot
reach to desired value of 6, and it only able to be maintained
pH at 2.8. But, when PID and FLC controller was used, it
able to reach the desired value at 600s and 30s respectively.

Same goes to temperature parameter, without
controller, it seems that the bio-reactor is unable to maintain
its temperature to desired value of 37°C. By using PID
controller, it can maintain the temperature at 37°C after 200s
while FLC shows a very fast response, which is only takes
0.3s to maintain the temperature at 37°C.

FIGURE 10. pH and Temperature Output Response in Bioreactor (Without PID, PID, & FLC)



Based on these results, FLC can provide more effective
production of Bio-H, from POME in bioreactor compared
to the conventional controller. This can be proved by
Pratiwi et al. (2015), where the temperature control in
dark fermentation bioreaction able the maintain substrate
temperature at fluctuation and mean error of 0.06 and
0.117°C.

EFFECT OF CONTROLLERS ON PROCESS SAFETY ASPECT

The choice of process controller is very important. PID
controller can be efficient in linear systems, but FLC is at
another level since it both suited for linear and non-linear
systems (Ivanova et al. 2016). Fuzzy logic provides fast
response times with virtually no overshoot. Loops with
noisy process signals have better stability and tighter
control when fuzzy logic control is applied (Al-odienat &
Al-lawama 2008).

Manufacturing processes are dangerous especially
chemical and petrochemical sectors. The use of controller
whether conventional PID or the advanced one (FLC) can
helps to maintain the desired set point of a process, so it will
help to prevent any deviations of process parameter that can
leads to a hazard situation. For example, if the temperature
controller cannot well maintain the temperature, the
bioreactor may overheat and may cause dangers to the
surrounding if not being careful. In terms of pH, NaOH
and HCL is added into the reactor to control the pH in the
bioreactor. If there are no controllers, the pH in bioreactor
might become too acidic. If there is a leaking on bioreactor,
it will bring dangers to the people at the area. That are the
reasons why controllers are needed, and the best controllers
must be well chosen for a particular processing unit.

CONCLUSION

This purpose of this work is to demonstrate anovel application
of FLC on dark fermentation bioreactor to produce Bio-H,
from POME. In order to ensure a well-controlled condition
of Bio-H, production at desired condition, simulations of
with and without PID controllers and FLC on bioreactor has
been done. Without the PID controller system, the output
value cannot reach the optimum value at all. In addition,
simulation through fuzzy logic control system (FLC) is
preferable and accurate than conventional PID control
system due to desirable output produced from it. Besides,
a shorter time for optimization will brings benefit process
safety, as it will allow for faster response to any deviation
from the set point. As a conclusion, FLC is shown to have a
superiority over PID controller since it is giving acceptable
and stable Bio-H, production with low to zero deviation
from set point. However, further study can be done to make
sure the result is well validated.
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