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In this work, biogas and biomethane production in a one-stage anaerobic digester (AD) are
investigated. Four batch digesters were rotated at different speeds: 180 rpm for the first
anaerobic digester (d1), 120 rpm for the second (d2), 60 rpm for the third (d3), and no
speed at fourth digester (d4). Anaerobic digestion (AD) process of these digesters was
thermophilic at 55°C and 1 bar. The substrates were three liters of water, 1.5 kg of potatoes
(PT), and 1.5 kg of moist cow dung (CD). Rotating speed, pressure, temperature, residence
time (RT), and restarting time were investigated in theoretical and experimental energies
of an anaerobic digester (AD). The simulation of one-stage anaerobic digestion (AD) is
studied using Aspen Plus software. The simulations showed that increasing AD pressure
by one to three bars in one stage increased biomethane production by 32%. Increasing the
temperature from 35 to 70 degrees increased biomethane output by 38%. Increasing AD
residence duration to 384 days increased biomethane concentration by 52.23%. The move
increased AD's gross heating value by 1.73%. The experiment's findings were obtained by
holding the system at 1 bar, 55°C, and varying the restarting time between 6 and 24 hours.
The average biogas volume increase between the 1st-AD and the 4th-AD before rest, after
restarting, and after/before restating AD operations is 118%, 124.5%, and 10.96%,
respectively. The average biogas concentration increases between the 1st-AD and the 4th-
AD before restating, after beginning, and after/before restating AD processes is 17.31%,
20.65%, and 6.4%, respectively. For the first and fourth digestors, the absolute average
deviation (AAD) of biomethane content was 3.78% and 3.21%, respectively. Experimental
and simulation data agreed. Finally, digestor performance was directly proportional to AD
restarting time for one stage, with the optimal interval after 6 hours.

1. INTRODUCTION

through biological processes. Biomass ranks high among clean
energy sources in global energy supply [5-7]. Besides heating

Many fields of technology, science, and society now
emphasize energy production and employ. Increased energy
generation is crucial due to 10 billion people on Earth by 2050
[1]. The looming global energy challenge necessitates
investigating various options to increase the demand for
biofuel liquid fuels produced from renewable biological
sources, such as plants and algae, while also addressing
environmental problems and their mitigation [2].

To protect fuel supply, energy prices, and the environment,
nations with large natural gas and oil reserves must switch to
renewable energy. Countries that have huge reserves of natural
gas and oil must switch to renewable bioenergy sources to
protect their fuel supply, energy costs, and the environment.
To meet these demands, renewable bioenergy sources such as
solar systems, biomass, wind turbines, and other technologies
are being developed or used today can replace fossil fuels [3,
4].

Organic biomass can decompose into simpler molecules
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and fueling transportation, it generates electricity. Bioenergy
accounted for 12% of world energy consumption (45.2
exajoules) in 2018 [8]. Increasing energy demand, fossil fuel
pricing, dwindling reserves, and the environmental impact of
fossil fuel burning have contributed to biomass's global
importance as an environmentally beneficial energy source.
Any biomass in anaerobic conditions will produce biogas.

Biogas is mostly carbon dioxide and methane, with some
hydrogen sulfide and siloxanes. Burning methane, hydrogen,
and carbon monoxide with oxygen is conceivable. Biogas is a
biofuel for heat-requiring applications like cooking since it
releases energy. Natural gas could power an engine that
generates heat and electricity. Additionally, oil and gasoline
engines can convert biogas into electricity [9, 10].

Rajendran et al. [11] developed an Aspen Plus model to
forecast biogas output from any feedstock for process
parameters with NRTL property method. Balanced digestors
with continuous agitation simulated hydrolysis and other
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processes. For 7 actual scenarios, we tested the model with
feedstock concentrations of + 5%, £ 10%, and = 20%. The
actual and Aspen Plus simulation results differed by 0.3% to
12.4%. When testing organic loading rate (OLR), RT,
feedstocks, etc. process conditions, the experiment results
matched the Aspen Plus model (P = 0.701). Rajendran et al.
[11] verified their simulation model using seven scientific
scenarios, however only two involved food garbage co-
digested with other feedstocks (less than 30% volume). Thus,
a chance to test the idea with food scraps exists. Al-Rubaye et
al. [12] utilized Aspen Plus software to simulate the AD, cattle,
and effluent. The simulation was built on a CSTR with 33
processes. It took 13 reactions for the hydrolysis process,
where substrates were broken down by water. The temperature
was between 50°C and 65°C (thermophilic), while the
substrate levels were 5, 10, 20, and 30% of CD, cattle, and
effluent. Running a simulation with various injection rates,
pressures, and anticipated hydrogen additions allows
investigators to determine their effect on methane gas
production. According to the results, methane concentrations
dropped as substrate levels and feed rates increased.

Ravendran et al. [13] simulated an AD with CD using Aspen
Plus software to find the optimal OLR and operational
pressure for high-quality methane gas. The simulation used
three well-balanced reactors. Hydrolysis was the first reactor,
acidogenesis and  acetogenesis the second, and
methanogenesis the last. Simulated feeding rates ranged from
0.03 to 0.51 L/day. Also simulated were hydrogen injection
and six operational pressures. With 5% feedstock and 0.36
L/day feed flow, the high methane content was 74.2% with
180 m3/day, but with H; injection, it reached 85.2%. Menacho
et al. [14] used Aspen Plus software to simulation AD. The
conditions are temperatures (55°C), 1 atm pressure, 2 litter per
day OLR, 51 litter per day, 40% to 60% fat levels and number
of stages was two. The simulation outcome show that the
average methane production was 75.95%. The simulation
outcome displays that methane concentrations of 74.82% and
77.10% were reached when OLR of 21 L/day and a fat content
of 40% were put together. The simulation result has a chance
for use as an outline for further research of the relationship
between fat quantity and AD. By combining the finding from
both software, it has been calculated the average relative error
percentage (0.0648%), which it below the engineering
standard limitation.

Saber et al. [15] examined the AD efficiency of local
organic matter mixed with partially decomposed CD, without
the use of chemical ingredients, in a 50 L digester operating at
high temperatures. The measurement of the process's
performance is based on biomethane potential, organics
elimination, and retention time. The biomethane production
rate was 0.44 cubic meters of CHy per kilogram of VS. The
duration of retention, as well as the AD stages, were decreased.
The daily peak CH4 production rate of 0.084 m?* CH4/(kg VS.
day) was reached in just four days, whereas it took ten days to
generate up 80% of the total biomethane yield. Over a period
of five days, the efficiency of the method in removing volatile
solids was found to exceed 35%. AD is well-suited for
industrial-scale biowaste because to its high biomethane
output.

Kitessa et al. [16] examined increased biogas production
during AD by joining microalgae with wastewater. Three
different ratios of wastewater to microalgae (3:0, 3:1, and 3:2)
were employed in the laboratory batch digester for combined
AD. The experiment lasted for 21 days and was carried out
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under average conditions. A wastewater to microalgae mixture
ratio of 3:2 (60% wastewater volume to 40% microalgae
volume) produced the most biogas, with a CH4 methane
content of 57.4%. These results indicate that co-digestion of
microalgae and wastewater leads to increased biogas
production, with biogas production rising proportionally to
increasing amount of microalgae in the mixture.

Mecha and Kiplagat [17] investigated the properties of
kitchen garbage and municipal solid waste with respect to their
potential for biogas production, focusing on chemical and
physical parameters. During ten days, the waste yielded 800
mL of biogas and 96.36 percent of volatile solids. By
comparison, after a 28-day period, cooked rice waste yielded
83.00% of volatile solids and 2821 mL of biogas. Whereas
cooked rice waste had a carbon to nitrogen ratio (C/N ratio) of
30, cabbage waste had a ratio of 13.9. Litter of cooked rice and
cabbage had pH values of 7.2 and 6.2, respectively. The use of
cooked rice waste to produce biogas via mono-digestion has
shown superior yield compared to alternative substrates.
Increasing the generation of biogas might need co-digestion of
more substrates.

Alepu et al. [18] examined RT-influenced biogas
production from sewage concentration bleed and adsorption.
The study used three 900 mL CSTR digesters for 10, 20, and
30 days. Biogas methane concentration ranged from 60% to
70%, yielding 18 mL/d in reactor 1, 169 in reactor 2, and 114
in reactor 3. Reactor 3 consistently produced 166 mL/gCOD
methane. Reactor 1 produced the least methane at 10 mL/g
chemical oxygen. At reactor 1, OLR and shorter RT reduced
VS. degradation and biogas output. This study recommends a
30-day RT and 0.6 gCOD(L.d) OLR for optimal methane
production in CSTR-AD of coagulated and adsorbate sewage
sludge.

Wei et al. [19] analyzed how RT affects waste AD
degradation and restart. Decomposed hydrophilic molecules
and volatile fatty acids increased in the liquid after 10 days of
digestion at the lowest RT. Short RT hurt the digester. Caused
by inefficient breakdown of Extracellular Polymers Substance
(EPS), usually proteins. The digester degrades due to
inefficient sludge EPS hydrolysis, especially for proteins and
other chemicals. As RT decreased from 20 to 10 days,
Methanosaetaceae aceticlastic species dropped from 36.3% to
27.6%. Hydrogenotrophic methanogens like methano-
microbiales and methano-bacteriales rose from 30.4% to
38.3%. AD feed sludge proteins and fluorophores remained
stable at high RT. Fulvic acid-like component fluorescence
decreased significantly during digestion.

Pramanik et al. [20] evaluated a modest reactor's food waste
AD. It uses advanced 16S rRNA sequencing to study reactor
microbial populations. RT produced the most biogas at 1.01
L/g VS. and the highest COD removal of 95.84% and VS. of
92.7% after 124 days. Lowering RT to 62 days increases
reactor ammonia and Volatile Fatty Acid (VFA)
concentrations, lowering pH, biogas output, VS. removal
efficiency, and Chemical Oxygen Diamond (COD). At 62
days, hydrogenotrophic methanogens decreased, slowing
VFA breakdown and accelerating amino acid degradation,
favoring VFA buildup. Methanogens failed to break down
enough acetate throughout the 41-day RT, reducing process
performance.

Zhang et al. [21] examined how OLR and RT effect food
waste and sewage effluent thermophilic Co-AD. At 15 RT and
5.8 g.VS. L!. d' (OLR), maximum methane CH4 generation
was 328 + 4 mL CHa.g' COD-fed. Improved acidogenesis,



acetogenesis, and methanogenesis increased production.
Methanogenic substrates for CH4 production have risen 5.2-
fold wusing enzymes like acetate kinase. Syntrophic
decarboxylation, acetate oxidation, reductive acetyl-CoA, and
B-oxidation pathways facilitated trophic linkages with
methanogens by symbiotic species The hydro-genotrophic
Methanoculleus thermophilus metabolism and mixotrophic
Methanosarcina thermophila abundance enhanced greatly.
Different  species' mutualisms  shape  heat-loving
microbes.Feeding/idle period and restarted Digester

Okonkwo et al. [22] investigated biogas generation rates
from organic wastes and weeds to determine the optimum
poultry droppings-to-domestic waste ratio. Built digester for
anaerobic breakdown of residential waste and weeds. The
output of gas started on the 7th day and reached regularly, then
quickly until the 18th day, when it peaked before falling. The
22-day experiment generated 1771 cm? of gas. Gas production
peaked at 809 cm? in the sample with 50% poultry droppings
and 50% weeds. This sample has the best C/N ratio of all
created samples. Gas production started on the 2nd day after
restarting the digester, compared to the 7% day without
restarting, and peaked sooner.

Li et al. [23] studied and examined three different feeding
times: feeding daily (R1), feeding every 2 days (R2), and
feeding every 3 days (R3), with the same amount of food given
each time. The results indicate that R3 and R2 generated
methane levels that were 11.1% and 8.4% higher, respectively,
than R1. R3 showed higher rates of lignocellulose conversion
and system stability, followed by R2 and R1. Reducing the
duration of feeding resulted in increased variations in biogas
production, VFA concentrations, and pH levels between each
feeding event. It was found that bacteria and Firmicutes were
more common in cases where feeding happened less often
during the hydrolysis and acidogenesis processes. The
microbial species, a hydrogenotrophic methanogen, was the
prevailing genus of archaea in all reactors. Optimizing the
feeding period can enhance the efficiency of the AD of maize.

Mohan and Swathi [24] analyzed how copper affects reactor
chain restarting and stability following a six-month food-free
phase. After restarting with copper, the reactor batch had a
constant COD elimination rate of 98 + 1.96%, indicating
successful organic material removal. After restart, biogas
generation was 0.218 cubic meters per kilogram of digested
COD and copper removal was 81.5%. Copper accumulation
inhibited methanogens, reducing methane production.
However, the reactor chain remained stable and effluent
characteristics fulfilled discharge standards. The restart
effectively transitioned biomass from resting to active,
regardless of copper. Over 35 days, copper restarted the
reactor chain, demonstrating its durability and longevity.

Recently, numerous studies have focused on biogas
production through anaerobic digestion (bio-AD). Research
indicates that modifying feedstock and pretreatment can
enhance biogas output. However, there is a notable gap in
experimental research regarding the interruption and
resumption of feed into bio-AD systems. Further work is
required to improve the modeling, simulation, and numerical
analysis in this area. The primary objective is to conduct
experimental and simulation studies on bio-AD to explore how
pausing and resuming feed impacts biogas production.
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2. SIMULATION

The Aspen Plus software (version 12.1) is perfect for
simulating the production of biogas/biomethane through AD,
with accurate mass and energy balance calculations. The
output data from Anerobic Digestor Model No. 1 (ADM1) can
be used as input data for Aspen Plus software. The AD unit in
Aspen Plus software has the ability to share data with ADM1,
which is built in MATLAB, using an Excel sheet. This Excel
sheet efficiently imports outcomes from the ADM1 modeling
and easily transmits them to the AD unit in Aspen Plus
software. Also, this data is utilized to simulate the energy
demands and energy production of the system.

A few feedstock components in the Aspen Plus databank
lack protein, keratin, and inert chemicals. Thus, Table 1
requires pseudocomponent items. Table 2 shows all CD + PT
feedstock components.

Table 1. Pseudocomponent characteristics [25]

Component A‘gll;l‘,ge Gravity Molecular
Name Weight
K Density kg/cum g
INERT 1000 3000 100
KERATIN 353.15 1430 116.39
PROTEIN 353.15 1430 367.42

Table 2. Select component in Aspen Plus [25]

Component ID Component Name Alias
ACETI-01 ACETIC-ACID C2H402-1
ALANI-01 ALANINE C3sH7NO2
ARGIN-01 ARGININE CsH14N40O2-N2
ASPAR-01 ASPARTIC-ACID C4H7NO4

ETHYL-
ETHYL-01 CYANOACETATE CsH7NO2
CELLU-01 CELLULOSE CELLULOSE
METHA-01 METHANE CHs4
CYSTE-01 CYSTEINE-E-2 C3H6NO2S-E
CO2 CARBON-DIOXIDE CO2
ETHANOL ETHANOL C2H60O-2
DEXTROSE DEXTROSE CsH1206
GLUTMAIC L-GLUTAMIC-ACID CsHoNO4
L-GLU-01 L-GLUTAMIC-ACID CsHoNO4
GLYCEROL GLYCEROL C3Hs0s
GLYCINE GLYCINE C2HsNO»-D1
FURFURAL FURFURAL CsH402
H: HYDROGEN Hz
H2S HYDROGEN-SULFIDE HaS
ISOLEICI ISOLEUCINE CeH13NO2-1
GLUTA-01 GLUTARIC-ACID CsHgOs4
LEUCINE LEUCINE CsH13NO2
LINOLEIC LINOLEIC-ACID CisH3202
NH3 AMMONIA H3N
OLEIC-01 OLEIC-ACID CisH3402
1-HEX-01 1-HEXADECANOL Ci6H340
L-PHE-01 L-PHENYLALANINE CoH11NO2
PROLI-01 PROLINE CsHoNO2-Ng
PROPI-01 PROPIONIC-ACID C3HeO2-1
SERINE SERINE C3H7NOs3
SN-1--01 SN M CyHsOs-1
THREO-01 THREONINE C4HoNOs3
TRIOL-01 TRIOLEIN Cs7H10406
TRIPA-01 TRIPALMITIN Cs1HogOs6
VALINE VALINE CsH11NO2
H>O WATER H20
XYLOSE D-XYLOSE CsH100s
ISOBU-01 ISOBUTYRIC-ACID C4Hs02-4




All of the blocks as shown in the Figure 1 in Aspen Plus
need property methods in order to give modeling results. This
study uses NRTL (Non-Random Two Liquid) as its property
method.
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Figure 1. AD system with one stage

The National Renewable Energy Laboratory's (NREL)
biofuels database includes active factors for different parts and
combines the liquid and gas phases in the production of biogas
and biomethane [26, 27].

Henry law has O, H>S, CO», and CH4 on its component list
HC. If you want to figure out how well these parts dissolve in
liquid, you can use Henry's rule. This study will also use the
STEM-TABLE method to look at water properties.

The feedstock enters the block B1 that involve on the
disintegration and hydrolysis AD process as illustrated in
Figure 1. Where stoichiometric reactions with extent fraction
conversion at (55°C, 1 bar) will be set inside it. Eleven
hydrolysis chemical equations can be written as following:

CELLU-01 + H,0 — DEXTROSE (MIX) (1)
GLUTA-01 + H,0 — 2.5 ACETI-01 (MIX) )
GLUTA-01 + H,0 - XYLOSE (MIX) 3)

XYLOSE - FURFURAL (MIX) + 3 H,0 (MIX) (4)

CELLU-01 + H:0 -2 ETHANOL (MIX) +2 €Oz 5,
(MIX)

2 ETHANOL + CO; - 2 ACETI-01 (MIX) + ©)
CH4(MIX)

PROTEIN + 6 H,0 — 6.5 CO, (MIX) + 6.5 o
CH4(MIX) + 3 NH; (MIX) + H>S (MIX)

KERATIN + 0.334 H,0 = 0.045 ARGIN-01 (MIX)
+0.048 ASPAR-01 (MIX) + 0.047 THREO-
01( MIX) + 0.172 SERINE (MIX) + 0.074
GLUTMAIC (MIX) + 0.111 PROLI-01 (MIX) + ®
0.25 GLYCINE (MIX) + 0.047 ALANI-01 (MIX) +
0.067 CYSTE-01 (MIX) + 0.074 VALINE (MIX) +
0.07 LEUCINE (MIX) + 0.046 ISOLEICI (MIX) +
0.036L-PHE-01 (MIX)

TRIOL-01 + 3 H,0 —3 OLEIC-01 (MIX) + o)
GLYCEROL (MIX)

TRIPA-01 +8.4375 H;0 - 4 GLYCEROL (MIX) + |
2.4375 1-HEX-01 (MIX)

SN-1--01 +4.2875 H:0 > 2.2 GLYCEROL(MIX) + |,
0.88785 1-HEX-01 (MIX) + 0.9 LINOLEIC (MIX)

Block B2 involves the acidogenesis, acetogenesis, and
methanogenesis processes. Where chemical reactions with
kinetics constant that it estimated according power law kinetic
equation at (55°C, 1 bar) will be set inside it as seen in
following equations. The acidogenesis process have four
chemical equations can be reigning as the following:

OLEIC-01 + 15.2359 H,0 + 0.482 CO, + 0.1701
NH; - 0.1701 ETHYL-01 (MIX) +9.02 ACETI-01  (12)
(MIX) + 10.0723 H, (MIX)

LINOLEIC + 15.356 H>O + 0.482 CO, + 0.1701
NH; — 0.1701 ETHYL-01 (MIX) + 9.02 ACETI-01  (13)
(MIX) + 10.0723 H, (MIX)

1-HEX-01 + 14 H,0 + 0.482 CO, + 0.172667 NH;
- 0.172667 ETHYL-01 (MIX) + 7.80933 ACETI-  (14)
01 (MIX) + 15.036 Ha (MIX)



PROPI-01 + 0.06198 NH; + 0.314336 H,0 —
0.06198 ETHYL-01(MIX) + 0.9345 ACETI-
01(MIX) + 0.660412 CH (MIX) + 0.160688 CO,
(MIX) + 0.000552 H, (MIX)

(15)

The acetogenesis process have one equation can be written
as:

DEXTROSE +0.1115 NH; - 0.1115 ETHYL-
01(MIX) + 0.744 ACETI-01 (MIX) + 0.5 PROPI-01
(MIX) + 0.4409 ISOBU-01 (MIX) + 0.6909 CO,
(MIX) + 1.0254 H,O (MIX)

(16)

Finally, the methanogenesis process consist two chemical
equations can be written as following:

ACETI-01 + 0.022 NH; — 0.022 ETHYL-01

(MIXED) + 0.945 CH, (MIX) + 0.066 H,0 (MIX) + (17)
0.945 CO>(MIX)
14.4976 H, + 3.8334 CO, + 0.0836 NH; — 0.0836
ETHYL-01 (MIX) + 3.4154 CHs (MIX) + 7.4996  (18)

H,0 (MIX)

The power law equation can be expression as the following
formula:

n _(E) T
T R)IT1 (19)
kf=kff><(T—) Xe To
or
~(7)
ky =k x (T)" x e~ \TR (20)
where,

ky is the kinetic factor (forward reaction) (s™),

kg is the frequency factor direction constant rate (s™),

T is the temperature of reaction (K),

T, is the reference temperature (k),

n is the exponent of temperature (-), and

E is the active reaction energy (J/mole), and

R is the gas constant (8.314 J/mole).

The Eq. (19), use if known T,, while Eq. (20) is use if T, is
unknow [28].

Egs. (21) and (22) are used to calculated the reaction rate
[29]:

Ri=ViXT

— ~Vij
i

where, S; is the species liquid concentration (mole/m?), v;; is
the stoichiometric reaction coefficient. Integrates block Bl
with block B2 to form a single-stage AD.

e2))

(22)

3. METHODOLOGY
INVESTIGATION

AND EXPERIMENTAL

3.1 Experimental setup

Figure 2 illustrates the experimental setup used in this study,
while Figure 3 provides a snapshot of the actual system.
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Figure 2. Experiment set-up schematic

Note: 1. Tank with handle mixer, 2. Pump, 3. Water bath, 4. Magnetic stirrer
with capsules, 5. Bach-Co-AD, 6. pH-meter. 7. AD-Teflon cup, 8. Volume
gas measurement, 9. Valves, 10. Gas analyzer, 11. Borden pressure gauge,
12. Digital humidity reader, 13. PLC-temperature reader, 14. Glass funnel,

15. Computer.

Figure 3. Photographical view of present system

Note: 1. Tank with handle mixer, 2. Pump, 3. Water bath, 4. Magnetic stirrer
with capsules, 5. Bach-Co-AD, 6. pH-meter. 7. AD-Teflon cup, 8. Volume
gas measurement, 9. Valves, 10. Gas analyzer, 11. Borden pressure gauge,
12. Digital humidity reader, 13. PLC- temperature reader, 14. Glass funnel,

15. Computer.

Four batch digesters are part of the system; Pyrex glass is
heat- and chemical-resistant. They hold a 1000 millilitre
capacity and 600 millilitres of substrate are used in them. The
concentration of the gases % CHas, % COa, % H»S, and % O-
was measured using the portable biogas analyzer model



(RASI700 BIOGAS), manufactured in the UK. 60 milliliter
medical syringes to measure biogas volume, PLC data logger
for read temperature, pressure measurement by Bourdon
pressure gauge type EN837-1, and pH meter.

3.2 Tests procedure

The experimental work was done in Iraq, Babylon city, for
2023 summer season. The AD performances for generating
biogas were thoroughly examined for different key variables.
Each key variable was studied while keeping the others
constant. Several variables affect the performance of biogas-
AD:

* The effect of substrate circulation on the AD performance
was studied in the range of 0 to 180 rpm, in step of 60 rpm.

¢ The effect of RT on the AD performance was studied for
384 hour (16 day).

¢ The effect of restating time after 6, 12, 18 and 24 hours on
the performance of AD to produce biogas.

For the above variable keys, experimental procedures can
be summarized as follows:

* Set up the four batch-AD bottles and check all measuring
devices such as biogas analyzer and temperature reader.

* Collecting and mechanically preparing feedstocks (PT +
CD).
* Mixing 1.5 kg of CD, 1.5 kg of PT, and 3 L of river water
and wait until the mixture becomes homogeneous, then filled
all four AD bottles.

* Utilize a magnetic stirrer to circulate the mixed feedstock
at 0 rpm (d4), 60 rpm (d3), 120 rpm (d2), and 180 rpm (d1) to
ensure optimal dispersion of bacteria within the anaerobic
digester (AD).

¢ Fill each batch-AD with 600 mL of feedstock and set the
batch AD on 55°C.

* Take and record readings such as temperature, pH, and
biogas volume and biogas concentrations for each batch-AD
every 24 hours.

Restart AD after 16 days and repeat point 5, and record data
for every 6 hours.

3.3 Measurement uncertainty

Several variables, such as temperature, flowmeter, enthalpy,
and liquid fraction, are used in error analysis to estimate
measurement uncertainties in experimental data. The errors for
these variables (Wz) can be evaluated as follows [30]:

We = | w2 4 (w2 4 o (o) (23)
R= (6X1W1) (8X2W2) ((‘FXan)

Table 3. Error analysis

Independent Variables Variable Errors

PLC-temperature readers (°C) F02
Humidity reader (%) F0.5
Pressure gage (bar) F0.01
Methane content (0-100%) VOL F02
Carbon dioxide content (0-100%) VOL F03
Oxygen content (0-25%) VOL F02
Hydrogen sulphide content (0-5000) ppm ¥5
Dependent Variables Variable Errors
Enthalpy (kJ/kg) +0.034
Entropy (kJ/kg) +0.033
Gross heat (kJ/kg) +0.038

R is an operator that depends on the independent variables
Xi, Xa, ..., X, and Wi, W2, ..., Wy are the independent error
variables. Table 3 presents a detailed analysis of the flaws and
findings of the investigation.

4. RESULTS AND DISCUSSIONS
4.1 Simulation results

4.1.1 Variation of pressure

Figure 4 shows the effects of increasing operating pressures
on biogas and biomethane generation. In one stage, the
working pressure increased from 1 bar to 3 bar, resulting in an
increase in biomethane composition from 52% to 69%. The
percentage enhancement in biomethane production is 32%.
The higher level of biomethane is because of the higher
solubility of carbon dioxide as compared to methane, where
the carbon dioxide to methane ratios is 0.7. Moreover, when
the working pressure exceeds 3 bar, the composition of
methane and its production rate start to decline. This is due to
the inability of methanogen to efficiently create methane and
its instability under high-pressure conditions [31].
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Figure 4. Pressure VS. biogas compositions

4.1.2 Variation of temperature

Figure 5 shows the temperature variation with RT in AD for
biogas and biomethane production. The biomethane content
increased from 42 to 58.1%, whereas at 1 bar, it was 52%.
When the temperature rises from 35 to 70°C, biological and
enzymatic processes within cells speed up, which is one of the
reasons why the percentage of biomethane generation is
growing [32]. The other reason is that the bacterial
proliferation and metabolic activity of methanogen bacteria
within AD are increasing, which is the first cause. The second
factor, the solidity of carbon dioxide, also contributes to an
increase in the generation of biomethane.
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Figure 5. Temperature VS. biogas compositions



4.1.3 Variation of residence time (RT)

Increasing the RT to 16 days inside a 1-liter laboratory-AD
under fixed conditions (1 bar and 55 degrees Celsius) resulted
in an increase in biomethane concentration to 52.2%.
Conversely, the carbon dioxide concentration decreased, as
demonstrated in Figure 6. The decrease in carbon dioxide
concentration (RT) led to an increase in the proliferation of
methanogen bacteria, the organism responsible for methane
generation. The consumption of carbohydrates, proteins, and
other components occurred as a result of an increase in the rate
of reaction (RT), which led to the total disintegration of the
liquid phase.
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Figure 6. Pressure VS. biogas compositions

4.1.4 Variation of enthalpy and entropy

In thermodynamic terms, enthalpy is the total heat content
of AD [10]. Figure 7 shows how, as residence time increases,
so do the mass and mole enthalpy of biomethane. As high as
(-7785 kl/kg, -224869 kJ/kmole) is possible. In batch AD,
endothermic mechanisms generate heat energy to support
flame biomethane, or the enthalpy of methanogen reactions.
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Entropy quantifies the level of unused energy inside a
thermodynamic system. Figure 8 demonstrates the decline in
both mass and mole entropy over time. The minimum values
obtained are -1.435 kJ/kg and -41.46 kJ/kmole.

4.1.5 Variation of gross heating value

Figure 9 shows the variation in the gross heating value of
biogas and biomethane over time. With RT, biomethane's
gross heat increases, reaching 14978 kl/kg for biogas and
15555 kJ/kg for biomethame gases. The rise in gross heat
enhances the combustibility within the combustion chamber.
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Figure 9. Residence time VS. biogas/biomethane gross heat
4.2 Experimental results

4.2.1 Variation of biogas production/before restarting AD
Before restating of one stage of AD, Biogas concentration
begins after 48 hours, or two days. The biogas-producing
bacteria was inactive between setup and production. Aerobic
microorganisms in the digestor used all oxygen during this
time. Biogas production began when oxygen ran out and acid-
producing bacteria activated. Early biogas will be mostly
carbon dioxide. The fermentation process will increase the
quantity of subtracts necessary for the second step.
Biomethane production begins then. Biogas biomethane
content is expected to rise until it reaches its maximum
generated biogas content. Biogas production increased
gradually, then dramatically, reaching 51.16% CHs and
39.96% CO; at 8 days for 15-AD at 180 rpm. For 2"-AD with
120 rpm per day, the maximum biogas production is 50.09%
CH4 and 38.3% CO; at 8 days. While, the biogas output for
39-AD at 60 rpm per day climbed gradually at first, then
rapidly until it reached its maximal value of 48.83% CH4 and
39.02% CO; at 10 days. Finally for 4"-AD without rotational
feedstock, the maximum biogas production occurs after 10
days, where it reaches up to 44.56% CH4 and 35.2% CO», as
shown in Figure 10. All anaerobic digesters (AD) utilize a
magnetic stirrer with bars to spin the feedstocks, achieving
homogeneity and ensuring optimal dispersion of bacteria.
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Figure 10. Residence time VS. biogas composition before
restarting



4.2.2 Variation of biogas production/after restarting AD

After 384 hours, or sixteen days, methanogen-producing
microorganisms in the Co-AD system do not activate bacteria.
Reactivate methanogen-producing bacteria by injecting AD
and feeding them at various times to start biogas production.
After six, twelve, eighteen, and twenty-four hours, one-stage
AD procedures restarted feedings. As the rotational speed
decreased from 180 to zero, we slowed it by sixty revolutions
per minute. Restarting feedstock injection in anaerobic
digesters increased biogas production significantly.

Figure 11 shows that 56.5% of 1-AD biogas contains
methane (CH4) and 45.21% carbon dioxide. Oxygen and
hydrogen sulphide also contribute slightly.
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For 2"-AD, with one stage at 120 rpm and restarting time
after 12 hours, it can be noted that the maximum biogas
production is 52.94% CHs and 42.8% CO,, with a small
amount of O, and H»S, as shown in Figure 12.

The maximum production of biogas in the 3"-AD stage AD
with 60 rpm and 18 hours of restarting feeding time is 50.4%
CH4 and 36.32% CO,, respectively. Where the maximum
point of biogas production occurs after 6 days, as shown in
Figure 13.

As shown in Figure 14, the biogas output reached its highest
point after 24 hours of restarting the 4%-AD in one stage with
no revolutions per minute (rpm). The output reached 44.5%
methane (CHy) and 34% carbon dioxide (CO») at its peak. It is
possible to quantify minute quantities of other gases, such as
oxygen (O,) and hydrogen sulphide (H»S), with the help of the
biogas analyzer.
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Figure 14. Residence time VS. biogas volume production for
4"_AD after 24 hours

4.3 Validation

Figure 15 illustrates a comparison of the biomethane
content between experimental and simulation data. The
experimental results are derived from data obtained through
experimental measurements, whilst the simulation results are
obtained by utilizing the mathematical model and solved using
the Aspen Plus software.

The percentage of the absolute average deviation (AAD)
[33] for determining the biomethane content in one-stage AD,
the first AD has a rate of 3.78%, and the fourth AD has a rate
0f 4.35%.
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5. CONCLUSIONS

In summary, simulated and experimental examination of the
influence of the idle period (restarting time RT) that occurs
between the paused feeding and the resumed feeding of AD on
the production of biogas/biomethane simultaneously with the
subsequent restart is the primary focus of this work.

The simulation findings yield the following conclusions:

* The working pressure increased from 1 bar to 3 bar,
increasing the biomethane composition from 52% to 69%,
where the percentage enhancement in biomethane
composition is 32%.

* The working temperature increased from 35 to 70°C, and
the biomethane content climbed from 42 to 58.1%.

* Increasing the residence time up to 384 days led to an
increase in the average biomethane concentration to 52.23%.

* Biomethane mass and mole enthalpy rise with increasing
residence time, up to 384 days. The values may reach up to (-
7785 kl/kg, -224869 kJ/kmole), This means the biomethane
reactions inside AD are exothermal for hydrolysis and
acidogenesis process and endothermal for acetogenesis and
methanogenesis process.

¢ Increasing the duration of residence time up to 384 days
resulted in an increase in the average gross heat of biomethane.

The experimental findings under constant pressure (1 bar),
thermophilic temperature (55°C), and variable rotational speed
(180, 120, 60, and 0 rpm) showed the following:

* The average percentage enhancement in biogas volume
before restarting Co-AD is 17.31%.

* The average percentage enhancement in biogas content
after restarting Co-AD is 20.65%.

* The average percentage enhancement in biogas content
before and after restarting Co-AD is 6.4%.

Finally, in further work, the finding results can be applied
to other conditions, such as mesophilic temperature, and
another stage, such as two stages instead of one stage of AD.
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NOMENCLATURE

Abbreviation

AD Anerobic digester

AAD Absolute average deviation
ADMI1 Anaerobic digestion model No. 1
CD Cow dung

PT Potatoes

dl, d2, d3, d4 Digester numbers 1, 2, 3, and 4, respectively

Symbols

ke Kinetic factor (forward reaction) s!
ks Frequency factor direction constant rate s°!
T Temperature of reaction K

T, Reference temperature K

n Exponent of temperature

E Active reaction energy kJ/kmole

R Gas constant kJ/kmole

R Universal gas constant kJ/kmole

S; Species liquid concentration kmole/m?
Subscript

i Input or initial

e Exit

0 Reference

f Factor or fuel or formation

ff Frequency factor

j Species
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