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ABSTRACT

Palm oil mill effluent (POME) is waste that can be used to produce biogas. One of the stages in the production of
biogas from POME is the acidogenesis stage, where the products resulting from hydrolysis are further degraded
into more specific organic products in the form of acetate, hydrogen, carbon dioxide, as well as intermediate prod-
ucts in the form of volatile fatty acids (VFA) such as propionate, butyrate, valerate, and its isoforms. This study
aims to design an acidogenesis bioreactor to produce biogas from POME. The designed bioreactor is a stirred tank
reactor with a volume of 1.000 L and operates on a batch system. The operating conditions for the acidogenesis
process were a thermophilic temperature (55 °C), pH 5.5, and a substrate:starter ratio of 80%:20%. The bioreactor
is constructed of stainless steel (SS SA-240 grade 304) due to its corrosion resistance and suitability for the acidic
environment of POME, with a H/D ratio of 0.5/1 to 3/1. The mixer is a curved turbine impeller with six angles
model A124, with a mixing speed of 0.46—1.29 rps and mixing power of 0.297—0.499 hp. The bioreactor is also
equipped with control devices for the screening, feeding, and reaction stages. This bioreactor design supports a

sustainable approach to POME management and renewable energy generation.
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INTRODUCTION

Anaerobic digestion is a biochemical process
without the presence of oxygen, which complex
organic compounds are broken down by differ-
ent types of anaerobic bacteria [1]. Four separate
bacterial groups—hydrolysis, acidogenic, aceto-
genic, and methanogenic—are involved in this
four-step process [2, 3]. Each of these microor-
ganisms has unique physiological characteristics
and dietary needs [4]. There will be an imbalance
between the forms of acid and methane if all four
groups of bacteria are operating under the same
circumstances [5], which will result in a pro-
longed production period for biogas [6]. Many re-
searchers divide the anaerobic digestion process
into two steps as an effort to speed up the pro-
duction of biogas [7]. The organic molecules in
POME are first transformed into VFA compounds
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in the first stage by hydrolysis, acidogenesis, and
acetogenesis (often referred to as the acidogen-
esis stage), and the VFA is then transformed into
biogas in the second stage by methanogenesis [8].

As mentioned above, biogas production form
POME involves four steps [9]. Specifically, at
first, POME complex substances, such as lipids,
proteins, and carbohydrates, are hydrolyzed by
hydrolytic microbes and/or their enzymes into
monomers such as fatty acids, amino acids, and
sugars, respectively. The hydrolytic cycle gener-
ates a lot of organic waste and could experience
rate restriction. Acidogenesis is the following
process, which involves the breakdown of meta-
bolic intermediaries including volatile fatty acids,
alcohol, and aldehydes into acetate, carbon diox-
ide, and hydrogen gas. This process also known
as fermentation process. Volatile fatty acids are
produced by acidogenic bacteria and make up
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the majority of these products. Along with the
product produced during acidogenesis (acetate,
carbon dioxide, and hydrogen gas), other com-
pounds like ethanol, lactate, propionate, and bu-
tyrate are also produced in the third phase, known
as acetogenesis. Methanogenesis, as last step in
the biogas production, involves the acetotrophic
and hydrogenotrophic bacterial groups. While
acetotrophic methanogens employ formate as an
electron donor for methane and carbon dioxide
reduction, hydrogenotrophic methanogens use
hydrogen as an electron acceptor for methane
generation. Methanogenic bacteria may directly
utilise the derivative of acetic acid, acetate, as a
substrate to create biogas. While numerous stud-
ies have explored anaerobic digestion of various
substrates, optimized bioreactor design for acido-
genesis of POME under thermophilic conditions
remains underexplored.

A bioreactor is simply described as a con-
tainer with biological activity, such as microbes
and enzymes, to produce high-value goods [10].
When it comes to the involvement of microbes in
bioreactors, a mechanism should typically offer a
biomechanical and biochemical environment that
is expected to regulate nutrient and other com-
pounds, such as how the gas is transferred to the
microbes and their metabolism, so that high-value
products are produced by the microbes [11]. To
optimize growth and metabolic activity through
the action of enzymes or microorganisms direct-
ly or indirectly to produce the desired product,
such as biogas, a bioreactor’s analysis and design
should be carried out as an engineered device [12,
13]. When using nutrients as the building blocks
for an ecosystem — which could be an organic or
inorganic chemical compound or even a more so-
phisticated component — keep in mind that C and
N levels or their ratio are frequently monitored
[14]. Additionally, the end result of conversion
may comprise primary metabolites and second-
ary metabolites as well as a consortium or single
strain of microbes, starter cultures, enzyme, acti-
vators, etc. [15].

The two-stage anaerobic digestion process of-
fers distinct advantages for POME treatment that
address several inherent challenges of this com-
plex waste stream. Unlike single-stage processes,
the two-stage approach allows for more precise
control of microbial populations and metabolic
conditions in each stage [16], which is crucial
for POME due to its high organic load and vari-
able composition. By separating the process into

distinct acidogenesis and methanogenesis stages,
we can optimize conditions for each group of mi-
croorganisms, mitigating the potential process in-
stabilities often encountered with POME. Specifi-
cally, the acidogenesis stage helps to hydrolyze
and convert the complex organic compounds in
POME into more readily metabolizable volatile
fatty acids, reducing the potential for process
inhibition and improving overall biogas yield
[17]. This approach is particularly beneficial for
POME, which contains high levels of lipids, pro-
teins, and carbohydrates that require different en-
zymatic degradation strategies, thereby enhanc-
ing the overall efficiency of biogas production
and waste treatment.

This study aims to design a bioreactor for
POME’s acidogenesis stage in biogas produc-
tion. Before designing the bioreactor, biogas
production has been conducted on a laboratory
scale under thermophilic conditions. The result-
ing biogas was analyzed, and the operating con-
ditions used on a laboratory scale were used as
a reference in designing bioreactors. The biore-
actor design includes calculation of bioreactor
specifications, optimization of mixing speed and
power consumption, and determination of neces-
sary operating controls.

MATERIALS AND METHODS

Materials

Bioreactor design has begun with the pro-
duction of biogas from POME on a laboratory
scale. POME was collected from the fat pit of
the Rambutan Mill, PTPN III, Indonesia. Fresh
POME characteristics are shown in Table 1.
Cow dung was employed as starter to provide
microbial populations capable of degrading the
substrate into biogas. The starter was obtained
from an anaerobic digester at the biogas pilot
plant at the Ecology Laboratory, Department of
Chemical Engineering, Universitas Sumatera
Utara. The acidogenesis takes place in a batch
stirred tank fermenter (capacity 6 L), with a mix-
ing speed of 250 rpm, pH of 5.5, thermophilic
condition (55 °C), and a POME: starter ratio of
80%:20%. Acidogenesis was carried out in three
stages: (1) screening, (2) feeding, (3) reaction,
as shown in Figure 1. The screening process
aims to filter out impurities or inorganic solids
that cannot be degraded by acidogenic bacteria,
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where the separation process is carried out using
a screen and grit chamber. The feeding process
includes the mixing of feed and starter, as well
as the feeding them into bioreactor. To obtain a
desired pH, CaCO, was added into bioreactor.
The desired temperature was reached by the
heating process slowly in the feeding process
using a heating jacket medium.

Biogas production was monitored using a
water displacement method. The displaced water
volume was measured to quantify gas produc-
tion. The biogas composition was analyzed us-
ing a gas chromatograph equipped with a thermal
conductivity detector (GC-TCD) to determine
the concentrations of methane (CH,) and carbon
dioxide (CO,). Several key performance indica-
tors were measured throughout the experiment
includes volatile fatty acids (VFA), biogas yield,
total solids (TS), volatile solids (VS), chemical
oxygen demand (COD), and pH changes dur-
ing the process. The total acidogenesis process
was conducted over a period of 8.9 days, which
was determined to be the optimal residence time
based on preliminary studies. Samples were col-
lected regularly to monitor the progression of the
anaerobic digestion process and track the pro-
duction of volatile fatty acids and biogas.

Overall, the stages of this bioreactor design
are presented in Figure 2. In this work, biore-
actor was designed with a capacity of 1000 L.
Some of the assumptions used in the bioreactor
design are as follows:

e There is no change in temperature during the
reaction

e The stirring process occurs evenly through-
out the bioreactor

e The product concentration at the start of the

reaction is 0
e Inhibitors are considered minor or neglected

Starter

/_\ J Acidogenesis

\ / bioreactor

Screening Control
tank

Figure 1. Schematic process of POME acidogenesis

The bioreactor was designed with stainless-
steel (SS) SA-240 grade 304 material after care-
fully evaluating several alternative materials.
While carbon steel offered lower initial costs, its
significantly higher corrosion rate in acidic en-
vironments would require frequent replacement,
potentially compromising reactor integrity. Du-
plex stainless steel provided superior corrosion
resistance but at a substantially higher cost,
making it economically impractical for large-
scale applications [10, 11]. Polymer materials
like polyethylene and fiberglass-reinforced plas-
tic were also considered but were found to have
limited temperature resistance and mechanical
strength, particularly under the thermophilic
conditions of the process. The selection of SS
SA-240 grade 304 represented an optimal bal-
ance between corrosion resistance, mechanical
properties, and economic considerations. The
material can withstand corrosion at approximate-
ly 0.11 mm/year, and its proven performance in
acidic and high-temperature environments made
it the most suitable choice for the proposed bio-
reactor design [12, 13]. The reason for selecting
this material remains its ability to withstand the
process conditions running in acidic conditions
which have the potential to cause corrosion in
the reactor material, while also being relatively
cost-effective and durable.

Table 1. Physicochemical characteristics of starter and fresh POME

Parameters UoM Starter POME Method/Instrument

TS mg/L 60.000 13.420 APHA 2540B
'S mg/L 56.000 10.520 APHA 2540E

TSS mg/L 28.000 2.080 APHA 2540D

VSS mg/L 26.000 1.920 APHA 2540E
pH - 7.07 4.60 pH Meter

Alkalinity mg/L 2.100 100 Titration
COD mg/L 47.000 48.300 APHA 5220B
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Figure 2. Schematic diagram of bioreactor design

RESULTS

Reactor volume

The total feed into the bioreactor was 1.000 L,
consisting of 800 L of POME and 200 L of starter.
In this work, the final reactor volume was increased
by 20% of the total planned volume for safety fac-
tors, resulting in a final volume of 1.200 L.

Reactor height at various H/D ratio

The H/D ratio of bioreactor can vary be-
tween 1 and 3 [18]. In small-scale and labo-
ratory-scale designs, the H/D = 1 is more of-
ten used. In larger designs, the H/D ratio up
to 3 generally increases the retention time of
gas bubbles in the bioreactor. It increases the
heat exchange capacity of the bioreactor walls.
Furthermore, Bohm et al. [19] explained that
choosing a H/D ratio > 1 aims to reduce the
shear effect of bursts of gas bubbles on the
surface. Selecting the optimal H/D ratio in-
volves balancing several factors, including
gas retention time, mixing efficiency, and en-
ergy consumption. While a higher H/D ratio
(> 1) improves gas retention and enhances
heat exchange efficiency, it also increases the
impeller diameter, leading to higher energy
consumption for the drive motor. Conversely,
a lower H/D ratio (< 1) reduces energy de-
mand but may compromise mixing efficiency
and gas retention [20]. Thus, an optimal H/D
ratio should be selected based on the desired
trade-off between energy efficiency and mix-
ing performance, ensuring adequate substrate

conversion while maintaining a feasible pow-
er requirement for agitation. In this work, we
varied the H/D ratio of 0.5 to 3. Based on the
calculation, the reactor height for the H/D ra-
tios 0f 0.5, 1, 2, and 3 were 0.726 m, 1.152 m,
1.828 m, and 2.397 m; while the obtained ID
were 1.452, 1.153, 0.914, and 0.799 m.

Shell thickness

The bioreactor was designed to be vertically
cylindrical, with the shell volume calculation was
carried out using Equation 1.

1
Vo= anIszHs (1)

where: Vs is shell volume in the form of total bio-
reactor volume, /D is inside diameter, and
H_is reactor height.

The fluid height in the bioreactor is a fac-
tor in determining the shell thickness. The
fluid height in the bioreactor was set 80% of
the shell height (H ) by considering the safety
factor. The final height of the fluid in the shell
can be seen in Table 2. Operating pressure
(Pop), hydrostatic pressure (PHyd), total pres-
sure (P, ), and designed pressure (P, ) also
presented in Table 2. From Table 2, it can be
seen that an increase in the H/D ratio causes an
increase in the bioreactor shell pressure (total
pressure and designed pressure). A high H/D
ratio causes a smaller diameter so that the hy-
drostatic pressure becomes higher. As a result,
the shell pressure also increases.

Table 2. Fluid height, pressure and reactor diameter at various H/D ratio

H/D ratio Fluid height (m) ID (m) OD (m) P, (Psia) P, (Psia) P..(Psia) Py (Psia)
0.5 0.581 1.452 1.468 0.903 15.603 17.163
1 0.922 1.153 1.169 14.700 1.434 16.134 17.747
1.464 0.914 0.931 2.276 16.976 18.673
1.918 0.799 0.815 2.982 17.682 19.450
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After obtaining the pressure value in the bio-
reactor, the shell thickness was calculated using
Equation 2:

P xr,

b= TXE-0.6P

+C 2)

where: ¢ is the shell thickness, P is the design
pressure, f is favorable stress, r, is the
shell radius, and C is the material cor-
rosion factor (0.125 in/year). Based on
the the calculation, it was found that the
shell thickness H/D ratios of 0.5, 1, 2, and
3 were 0.473 m, 0.456 m, 0.443 m, and
0.437 m. An increase in shell pressure
causes a decrease in shell thickness. This
could be due to the addition of the radius
value to the shell with a smaller H/D ratio
requiring a material with a larger thick-
ness. The outer diameter (OD) value is
obtained by adding the ID value twice the
shell thickness.

Head and bottom design

The designed bioreactor uses thorisperical
head and bottom. Torispherical has a larger sur-
face area compared to elliptical and hemispheri-
cal designs. Calculation of head and bottom thick-
ness was performed using the Equation 3:

- Pxr.xWw N
(2% fxE)-(0.2P)

After obtaining the wall thickness, the head
height can be obtained using the Equation 4-9:

¢ 3)

a=" @

AB =a - icr )

BC = rc - icr (6)
AC=/(BCP - (AB) (7)
b=rc-AC (8)
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Figure 3. Schematic of torispherical head

OA=th+b+sf ©)

where: a, AB, BC, AC and b represent parts of
the head reactor as shown in Figure 3.
The head height, total bioreactor height,
and bioreactor surface area can be seen
in Table 3.

Impeller and baffle design

In designing this stirrer system, the first thing
to do is determine the type of impeller that will be
used in the process. In this work, we have chosen
a curved turbine impeller with six angles model
A124. The reasons for choosing this impeller in-
clude: (i) this type of impeller is useful for a wide
range of viscosities, and (ii) it is commonly used
for mixing solutions including slurries. The im-
peller diameter (D,) was calculated by dividing
the reactor diameter (ID) by 3. The height (t,) and
width (W,) of the impeller blades is obtained by
multiplying Di by 0.2 and 0.25, respectively.

In this stirred tank reactors design, four baf-
fles are employed for disrupting swirling motion
and improve fluid circulation, which is crucial for
maintaining homogeneity in the substrate mix-
ture. Using fewer than four baffles (e.g., two or
three) can result in incomplete mixing and the

Table 3. Head height, total height, and surface area of bioreactor at various H/D ratio

H/D ratio Shell height (m) Head height (m) Total height (m) Surface area (m?)
0.5 0.726 0.793 2.313 18.663
1 1.153 0.644 4.746 18.526
1.830 0.526 2.881 20.537
2.398 0.468 3.334 23.016
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formation of dead zones, leading to uneven sub-
strate processing. Higher number of baffles be-
yond four may cause excessive turbulence and
increase power consumption without significant
improvements in mixing performance [20, 21].
Therefore, four baffles were selected as the con-
figuration to ensure an effective balance between
mixing efficiency and energy requirements. The
baffle width was calculated by dividing the ID by
12. The specification of impeller and baftle can be
seen in Table 4.

The calculation of the required amount of im-
peller was carried out by dividing the value of the
Water Equivalent Liquid High (WELH) by the
height of the bioreactor. WELH is the height of
the fluid in the reactor multiplied by the specific
gravity of the fluid. Based on the calculation, the
required amount of impeller for each H/D ratio of
0.5,1,2,and 3 was 1, 1, 1, and 2. An increase in
the H/D ratio causes an increase in the number of
impellers required.

Mixing speed and power consumption

The power requirement for the impeller is
influenced by two factors, namely the Reynolds
number (N, ) and the power number (N). N, _can
be calculated using the Equation 10, while N, can
be obtained using Equation 11:

-~ r Please, Correct equation (10)

Np = P 11
P pxmwxDP (1

where: 7 is the mixing speed, Di is the impeller
diameter, p is the fluid density, u is the
fluid viscosity, and P is the mixing power
(hp). The value of n was calculated using
a trial by determining the P value.

The initial mixing power was calculated using
a value of 10 hp/1000 gallons, resulting in power
required for 1.200 L was 0.317 hp. The mixing
power value is substituted into Equation 10 to get

Table 4. Head, bottom and impeller diameter

the N value, then the obtained value was used to
get the NP value on the N, vs N graph. The vali-
dation was carried out for the n value using equa-
tion 11. The N, 1, and N, values for each H/D
ratio can be seen in Table 5, and the relationship
between H/D ratio and mixing power is presented
in Figure 4.

In Figure 4, mixing power is controlled con-
stant, it can be seen that the number power de-
creases as the H/D ratio increases. From these
results, it can be obtained that the streamlined
tank geometry requires lower number power. The
power requirements at the H/D ratios of 2 and
3 are not much different, but the increase in the
H/D ratios of 0.5 and 1 increases the need for high
number. The geometric shape of the reactor tank
with a high H/D ratio causes a decrease in the agi-
tator power requirements.

Control operation

The acidogenesis process involves organic
compounds degradation into simpler compo-
nents with fermentative bacteria. In general, two
bacteria play an essential role in the acidogen-
esis stage, namely Clostridia and bacteria from
the Bacteroicideae family. Both types of bacte-
ria can survive in extreme conditions, namely
at high temperatures and low pH. As previously
mentioned, the acidogenesis process consist of
three stages: screening, feeding, and reaction.
The operation control system at each stage must
be carried out to ensure that each parameter fol-
lows the standards set. The operational control
system includes measuring feed and product
quality and process indicators such as pH, tem-
perature, and processing time. The measurement
process is carried out manually or recorded
through instruments periodically.

Table 6 displays monitoring points and the
frequency of observations at each stage. In this
work, pH is set to 5.5. According to Ahmed et al.
[21], the pH of POME is 3.4-5.2. Table 6 also
shows the quality of the raw materials fed into

H/D ratio | Impeller diameter (m) | Offset bottom (m) | Offset top (m) | Baffle thick (m) | Blade thick (m) | Blade height (m)
0.5 0.363 0.182 0.015 0.073 0.091 0.073
1 0.288 0.144 0.012 0.058 0.072 0.058
0.229 0.114 0.006 0.046 0.057 0.046
3 0.200 0.100 0.008 0.040 0.050 0.040
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Table 5. Reynold number and power consumption

H/D ratio Nze n (rps) Mixing power (hp)
0.5 918.225 0.043 0.316
1 918.819 0.066 0.316
919.108 0.105 0.316
918.762 0.266 0.316
220
200

180

160

140

120

Number of Power

100

H/D

Figure 4. H/D ratio vs. number of bioreactor power

the reactor. Analysis of the raw materials qual-
ity is carried out in the feeding process based on
predetermined quality standards. The recircula-
tion process from the bioreactor to the balance
tank is carried out if the raw materials quality
exceeds the set standards.

Operation control for screening process

The screening process aims to filter impuri-
ties or inorganic solids that acidogenic bacteria
cannot degrade. Separating inorganic solids at
the screening stage also aims to avoid damage
to the pump and accumulation in the bioreac-
tor. The screening process is carried out using a
screen and a grit chamber. The control process is
carried out through POME flow rate and filter-
ing loads. The control process is carried out once
a day, and the maintenance/cleaning process on
the screen is carried out after one process cycle
to ensure that there is no buildup on the screen.

22

Operation control for feeding process

In this design, the residence time for each cy-
cle was 8.9 days, so the total feeding time required
was 4.45 days. Flow rate control was carried out
once/hour with a flow rate of 7.5 L/hour for feed
and 1.9 L/hour for starter. The heating process in
the bioreactor is carried out before mixing takes
place with a temperature range of 55 °C. Heating
control is carried out automatically with a control
valve with monitoring for one time/hour.

Operation control for reaction process

In the reaction process, sample quality was
measured by analysis of TS, TSS, VS, VSS, and
alkalinity for once/day, and analysis of COD,
SCOD, and VFA was carried out twice/day. pH
observations were carried out for once/4 hours
by adding calcium bicarbonate as a pH control.
Operating temperature control is carried out au-
tomatically using a control valve with monitoring
for one time/hour.
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Table 6. Monitoring and frequency of operating control on every stages

Parameter Unit Monitoring frequency Method Control operation | Ref.
Screening process
Flow rate L/s day - - -
Screening volume md/day day - 50 L sand/1000 m® POME [22]
Feeding process
Feed flow rate L/hour hour - - -
Starter flow rate L/hour hour - - -
Temperature °C hour - - -
pH - cycle - - -
TS mg/L cycle APHA 2540B 11,500-79,000 [23]
TSS mg/L cycle APHA 2540D 5.000-54,000 [23]
VS mg/L cycle APHA 2540E 9.000-72,000 [23]
VSS mg/L cycle APHA 2540E -
COD mg/L cycle APHA 5520C 15,000-100,000 [23]
Reaction Process
Temperature °C hour - Min. 55 °C [22]
pH - 4 hours APHA 4500H 5-5.5 [22]
Cycle time Day cycle - - -
VFA mg/L 2 days APHA 5560B Min 4.500 mg/L [24]
TSS mg/L day APHA 2540D - -
VSS mg/L day APHA 2540E - -
COD mg/L 2 days APHA 5520C - -
Biogas quality - day - - -
Alkalinity mg/L day - - -
TS mg/L day APHA 2540B - -
TVS mg/L day - - -
DISCUSSION and heat exchange, they also increased energy de-

The designed acidogenesis bioreactor for
biogas production from POME represents a sig-
nificant advancement in waste-to-energy tech-
nologies, particularly in the context of palm oil
mill effluent management. POME, a byproduct of
palm oil production, poses environmental chal-
lenges due to its high organic load. Utilizing it
for biogas production mitigates its environmental
impact and provides a renewable energy source.

Significance of the findings

This study focused on optimizing the acido-
genesis stage, a critical phase in anaerobic di-
gestion, where complex organic molecules are
converted into volatile fatty acids (VFA), acetate,
hydrogen, and carbon dioxide. One of the key
findings is the effect of the H/D ratio on reac-
tor performance. The results demonstrated that
while higher H/D ratios improved gas retention

mand for mixing. These findings align with those
of Ahmad et al. [27], who reported that a higher
H/D ratio reduces the shear effect of gas bubbles
but requires higher power input for agitation. The
balance between these factors is crucial in large-
scale applications, where operational costs play a
significant role.

Additionally, the selection of four baffles
was justified by its role in preventing vortex for-
mation and improving mixing efficiency. Prior
studies, such as those by Wang et al. [28], have
demonstrated that reducing the number of baffles
leads to dead zones, whereas increasing baffles
beyond four does not significantly enhance mix-
ing but results in excessive turbulence and power
consumption. The curved turbine impeller (model
A124) was also chosen for its efficiency across a
range of viscosities, particularly in fermentative
processes involving slurries. Incorporating im-
peller with six angles ensured effective mixing,
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crucial for maintaining homogeneity in the bio-
reactor. The impeller’s specifications, determined
through detailed calculations, were designed to
handle the substrate’s varying viscosities. Op-
erational control was a significant focus, with
stringent monitoring of parameters such as pH,
temperature, and mixing speed. This ensured that
the bioreactor operated within the optimal condi-
tions identified in the laboratory. Regular quality
checks and adjustments, particularly during the
screening, feeding, and reaction stages, were es-
sential for maintaining process stability and max-
imizing biogas yield.

Compared to previous studies on POME ac-
idogenesis, this study introduces a more system-
atic approach to reactor design by integrating key
parameters such as impeller speed, baffle configu-
ration, and material selection. For instance, Tri-
sakti et al. [8] focused on optimizing pH and re-
tention time but did not extensively examine the
mechanical aspects of reactor design. Our study
builds upon this by incorporating a mechanical
and structural optimization perspective, ensur-
ing that both microbial and engineering consid-
erations are addressed. Another relevant study by
Rezapoor and Rahimpour [29] explored various
bioreactor configurations for POME treatment
but primarily focused on process efficiency rather
than design optimization. Their findings indicated
that two-stage anaerobic digestion improves bio-
gas yield; however, they did not analyze the influ-
ence of H/D ratio, impeller selection, or energy
consumption, which are addressed in our study.
By incorporating these additional factors, our re-
search provides a more holistic approach to bio-
reactor design for acidogenesis.

Potential benefits and challenges of real-world
applications

The practical application of this bioreactor
design in industrial settings offers several benefits
and challenges that must be considered before
large-scale implementation. The modular design
of the bioreactor allows for easy scaling from
laboratory to industrial applications. Since the
process parameters were optimized based on lab-
oratory-scale trials, future pilot-scale experiments
should validate how effectively these conditions
translate to larger systems. A major advantage of
the stirred tank reactor design is its adaptability
as multiple units can be installed in parallel to ac-
commodate varying POME volumes. However,
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scaling up introduces challenges such as maintain-
ing consistent mixing efficiency and heat transfer
across larger volumes. The increased reactor size
could also lead to fluctuations in pH, temperature,
and substrate concentration, potentially affecting
microbial activity. Computational fluid dynamics
(CFD) simulations or pilot-scale studies should
be conducted to assess these effects before full-
scale deployment.

The use of SS SA-240 grade 304 ensures du-
rability and resistance to the acidic conditions
of POME digestion, reducing long-term mainte-
nance costs. Compared to alternative materials
like carbon steel, which is cheaper but prone to
corrosion, stainless steel offers a more cost-effec-
tive long-term investment. However, initial capi-
tal costs remain a challenge, especially for small
and medium-scale palm oil mills. The combina-
tion of stainless-steel construction and mechani-
cal stirring components increases upfront costs
compared to simpler passive bioreactors such as
anaerobic lagoons or covered digesters. Future
cost analyses should explore hybrid approaches,
such as integrating lower-cost materials in non-
critical components to reduce capital expendi-
tures. Additionally, energy consumption for mix-
ing and heating is another cost factor. While our
results show that an H/D ratio of 2-3 minimizes
power consumption, alternative low-energy mix-
ing strategies (e.g., gas recirculation, mechanical
agitation optimization) should be explored for
industrial-scale applications.

This bioreactor design requires continuous
monitoring and control of key parameters, includ-
ing: pH control (maintained at 5.5 using calcium
bicarbonate), temperature regulation (thermo-
philic range of 55 °C), and mixing power and im-
peller speed optimization. Automating these con-
trols via sensor-based monitoring systems could
enhance process stability and reduce labor costs.
However, integrating such automation adds tech-
nical complexity and cost, requiring trained per-
sonnel for maintenance. Additionally, variability
in POME composition across different palm oil
mills could affect bioreactor performance. Real-
world application would require periodic feed-
stock analysis and potential adjustments to pro-
cess conditions to maintain efficiency.

Limitations and future research

Despite the promising results, some limitations
must be acknowledged. First, this study was based
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on batch operation, which differs from continuous
operation commonly used in industrial biogas pro-
duction. Future studies should explore how these
design parameters perform under continuous feed-
ing conditions, which may introduce variations in
microbial activity and process stability. Second,
the energy consumption of the mixing system
needs further evaluation, particularly in terms of
optimizing impeller speed to balance power re-
quirements with biogas yield. CFD simulations
could provide deeper insights into flow patterns
and mixing efficiency. Finally, the bioreactor’s
performance should be tested on a larger scale to
assess its feasibility in industrial applications.

Overall, this study provides valuable insights
into the design and optimization of an acidogen-
esis bioreactor for POME treatment. By address-
ing mechanical, biochemical, and operational
factors, the findings contribute to a more efficient
and sustainable approach to biogas production.
Future research should focus on scalability, au-
tomation, and cost-benefit analysis to facilitate
industrial implementation.

CONCLUSIONS

The design and development of an acidogen-
esis bioreactor for biogas production from POME
highlight the potential of converting a problematic
waste stream into a valuable energy resource. The
study successfully identified optimal conditions
for the acidogenesis stage — thermophilic tempera-
ture (55 °C), pH 5.5, and a substrate: starter ratio of
80%:20% — crucial for effective biogas production.
Key aspects of the bioreactor design, such as se-
lecting a stirred tank reactor with a 1.000 L volume
and construction from corrosion-resistant stainless
steel (SS SA-240 grade 304), ensured the system’s
durability and efficiency. Carefully considering the
H/D ratio, impeller type, and mixing speed demon-
strated the importance of balancing gas retention,
heat exchange efficiency, and energy consumption.
A curved turbine impeller with six angles and four
baffles ensured effective mixing and homogeneity
within the bioreactor, critical for optimal microbial
activity and substrate conversion.

Operational controls, including regular moni-
toring and adjustments of pH, temperature, and
feed quality, were essential for maintaining the
bioreactor’s performance. The detailed monitor-
ing framework ensured the bioreactor operated
within the desired parameters, thus maximizing

biogas yield and process stability. This study
provides a comprehensive framework for design-
ing an acidogenesis bioreactor, offering valuable
insights into optimizing biogas production from
POME. The results demonstrate the feasibility
and effectiveness of the proposed design, con-
tributing to sustainable waste management and
renewable energy generation. Future work may
focus on scaling up the bioreactor design and ex-
ploring its applicability to other types of organic
waste, further enhancing its environmental and
economic impact.
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