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Abstract. The demanding uses of fossil fuels and their associated environmental footprints are
driving researches into renewable energy productions from organic resources and waste.
Anaerobic digestion (AD) is an environment-friendly and cost-effective method to produce
biogas from biomass. This biogas can be used in power generation, heating systems and in a
combined heat and power (CHP) system. Nevertheless, biogas produced from AD contains a big
fraction of CO; and less methane purity. Aspen Plus simulation model was developed for the
AD process to produce biogas, highlighting the economical potentials and environmental
benefits. Four steps of AD including hydrolysis, acidogenesis, acetogenesis, and methanogenesis
with eight reactions were simulated based on the respective stoichiometries. Optimization has
involved the search to identify optimum feed flow rate and operating pressure to produce the
maximum amount of pure methane. The obtained results showed that optimum feed rate was
0.36 I/day and operating pressure of 3 bar with hydrogen flow of 180 I/day. By using these
optimum conditions, maximum amount of methane with high purity was achieved. Otherwise,
through biomass natural decomposition, the methane would escape to the atmosphere as one of
those significant greenhouse gases.

1. Introduction

Fast population growths and modern livings in general have made energy demands keep increasing.
Challenges are to provide the energy in sustainable supply, cheap and not to degrade the environmental
qualities. Consolidated efforts to tackle these challenges can be seen through governmental policies,
yearly sustainability report by industries, as well as research and developments by universities and
research institutions.

The utilization of biomass as an option has pulled interests due to its abundancy and ubiquity for
almost everywhere. Energy from biomass can be in the form of solid, liquid and gas. Particularly, biogas
is the extractable energy from biomass in the gas state, mainly consists of methane and carbon dioxide.
These gases are produced from the decomposition of biomass, called as AD, in the absence of oxygen.
Once produced and purified, methane can be used for heating, power generation, CHP and vehicle fuels
[1-2]. Vehicle fuels require bio-methane with purity above 95% [3]. There are four stages of AD process
that include hydrolysis, acidogenesis, acetogenesis, and methanogenesis [4]. Process performance
analyses for these four stages of AD are complex due to diverse digestion conditions [5], and this has
made almost impossible without an accurate process simulation model. The significance of having
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process simulation model in analysis and improvement for biogas production have been highlighted by
[6-8].

In terms of substrates used for the AD process, they can be from numerous wet biomass sources such
as food and kitchen waste, poultry manure, and primary sludge [9-10]. For the anaerobic digester design,
it can be several types such as fixed dome digester [11], horizontal digester [12], flexible balloon digester
[13], and so on. As the main motivation was to develop a valid process model, this paper would explain
steps in developing Aspen Plus simulation model and optimization for the AD of cow manure to produce
biogas. Emphases were given to find optimal flowrates and operating pressure.

2. Simulation Model Development

The process simulation model was constructed primarily based on the hydrolysis, acidogenesis,
acetogenesis and methanogenesis stages [4]. These four steps describe on how the complex substrate
such as carbohydrates are broken down into simpler substances and lastly to methane and carbon
dioxide. The AD process flowsheet was based on the experimental work by [7]. Aspen Plus simulation
flowsheet is shown by figure 1. Primarily, all the compounds involved in the flowsheet were obtained,
specifically the cow manure that rich in carbohydrates and simulated in the Aspen Plus. In this study,
Non-Random Two-Liquid (NRTL) model was selected for the property method since phases involved
liquid and gas.

TREGAWA

RSTOIC2

LQWSTOUT

Figure 1. Aspen plus simulation flowsheet of AD process.

All reactor models used stoichiometry reactor (R-Stoic) based on the stoichiometry reactions for the
four AD stages. RSTOIC 1 was for hydrolysis, RSTOIC 2 was for both acidogenesis and acetogenesis
and RSTOIC 3 was for methanogenesis. The mixer was introduced to mix well the feed with hydrogen
and water while the two heaters introduced to increase and maintain temperature of stream in order to
achieve efficient conversion in reactors and also for better performance of flash drum. Once after the all
reactions complete in three reactors, the product and gases from reactor was flow to flash drum to
remove the impurities from biogas. Processing conditions for the units involved in the flowsheet are
shown by table 1.
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Table 1. Processing conditions in the AD flowsheet.

Model Conditions

Pressure (bar) Temperature(°C) Valid phases
Mixer 3 - Vapor-Liquid
Heater 1 3 37 -
Heater 2 3 53 -
RStoic 1 3 37 Vapor-Liquid
RStoic 2 3 45 Vapor-Liquid
RStoic 3 3 47 Vapor-Liquid
Flash 1 8 53 Vapor-Liquid
Flash 2 10 52 Vapor-Liquid

3. Model Validation
The main criteria for model validations were based on biogas and bio-methane production level from
previous works because of the lack of data for the referred flowsheet [7], as well as to have a robust
simulation model. Three cases with different substrate and operational data used as to compare and
validate. Each case was described as follows:
Case (1): Cow manure has been used as feed which predominantly consists of lignin, cellulose and
hemicellulose with input rate of 0.33 I/day with hydraulic retention time of 15 days for hydrolysis reactor
or RSTOIC1 of figure 1 [14].
Case (2): Different set up from case 1 with combination of acidogeneic and acetogenic in one step. Cow
manure was still being used for hydraulic retention time of 25 days [14].
Case (3): Wastewater generated from industrial and agricultural activities was used to feed the reactors
with loading rate of 0.30 I/day and hydraulic retention time of 21 days [15].

For validation purpose, equation (1) was used to calculate percentage of methane production from
both experiment and simulation results, and plotted. Given A, the amount of methane production
(kg/year), and B, total amount of biogas production (kg/year).

Percentage of methane production = %x 100 )

The acceptable error was calculated using equation (2) and maximum error tolerance was 10% for
validation purpose.

Error = [% of methane production (simulation — % methane production (experiment) (2)

4. Determining Anaerobic Digestion Parameters for Optimality

Determination of optimal parameters value was done by comparing plot of variables against biogas
production level with one factor at a time, without any constraint. The aim is to find out the best result
for pre-determined ranges. The three important factors were identified that have influenced the bio-
methane production. These three factors are: i) substrate feed rate, hydrogen introduction and flowrate,
and operating pressure [16]. Therefore, for feed rate factor, simulation analysis was carried out by
changing substrate feed flow rate that range between 0.03 l/day to 0.51 I/day. To study influence of
hydrogen in AD process, simulations were run with the addition of hydrogen. For effect of pressure, the
simulations were performed with six different operating pressures; 0.5 bar, 1.0 bar, 1.5 bar, 2.0 bar, 2.5
bar and 3.0 bar. Based on methane production that was influenced by these factors, the graphs were
plotted to suggest optimal factors for the process. Then, the relationship between these factors with
economic potentials and environmental benefits were further elaborated.

5. Results and Discussions
Validations of the developed simulation model were done for the three cases as mentioned before for
the same process flowsheet. The difference percentage or error values were calculated using both
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equation (1) and (2). The differences between the developed models against case 1, case 2 and case 3
for bio-methane production were 3.64%, 3.7% and 5.49 %, respectively. The tolerance was equal or less
than 10%. Since all the differences were less than 10%, the model was validated and could be a basis
for further improvement.

5.1 Effect of feed rate

Input feed rate and concentration of the substrates played a vital role in the biogas production rate. Figure
2 shows the simulation results of different feed flowrate from 0.03 to 0.51 I/day at 5% concentration of
substrates [17]. It shows the maximum production of methane of 41.57 kg/year was achieved when 0.36
I/day of cow manure was a feed. Beyond that flowrate, methane rate began to decline because the excess
organics would act as inhibitor at the given condition. Another reason was the amount of unreacted
substrate material without reaction to produce methane increased, as studied experimentally by [18].
The optimal feed rate value will be different for other types of biomass feed as each biomass source
poses different ultimate and proximate analyses.

Figure 3 shows composition of methane, carbon dioxide and hydrogen in biogas produced for
specific feed rates. Amount of methane rate increases with the increase in feed rate which was from 0.03
to 0.36 I/day at a constant substrates concentration. When the feed rate was increased, the product from
the reaction that used feed as a reactant also increase. This enabled the methanogens yielded more
methane. By using this model with conversion of 90%, more methane gas was trapped with higher
composition which was 0.742 (74.2% purity). This proves that the purity of methane increases by using
this model in anaerobic digestion process when compared to natural process.
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Figure 2. Methane component rate as a function of flow rate for 5% of substrate concentration.
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Figure 3. Feed rate against composition of methane, carbon dioxide and hydrogen.
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5.2 Effect of hydrogen addition

In studying the effect of hydrogen addition, the previous optimal result i.e. the feed rate at 0.36 I/day
was fixed. Addition of a specific amount of hydrogen gas in AD could increase the composition of
methane gas in the biogas [16-17]. Introduction of the amount of hydrogen gas however should be equal
with amount of hydrogen obtained from the pre-acidification step and also from acidogenic and
acetogenic steps. In the developed simulation model, the process run with a supplied hydrogen gas
stream and observations were made whether the biogas production and methane gas composition were
influenced by hydrogen addition. By theory, the hydrogenotrophic methanogens microorganisms would
consume the supplied hydrogen with the carbon dioxide and convert them into pure methane [5].

Once hydrogen gas introduced, the composition of methane in the biogas started to increase until it
reached its optimum value as shown by figure 4. After reaching the optimum value, process inhibition
occur as the acidity level increases due to greater flow of hydrogen gas into the system. The increasing
of acidity level caused decrease in pH value and simultaneously make the hydrogenotrophic
methanogens to become inactive. The maximum composition of methane obtained was 0.852 when 180
I/day of hydrogen gas introduced.
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Figure 4. CH, composition with H, addition.

Figure 5 shows composition of methane, carbon dioxide and hydrogen in biogas produced for
specific hydrogen flow rates. It shows more methane was produced and less carbon dioxide released.
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Figure 5. H; flowrate against biogas composition.
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5.3 Effect of pressure

While the previous results (optimal feed and hydrogen flowrates) were fixed, variations have been made
for pressure from 0.5 to 5 bar in the Aspen Plus model. Figure 6 and 7 show the results of varying
operating pressures that have affected bio-methane production level and its composition in the biogas,
respectively.

CH4, kg/year
= = [ [ %] [#1] [#] Fol Fl Ln
(=) un (=] un (=] (%)) (=) L (=) L (=)

4] 0.5 1 15 2 25 3 35 4 4.5 5 55
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Figure 6. Methane production rate with pressure.

When the operating pressure increased from 0.5 bar to 3 bar, the composition of methane increased
from 0.346 to 0.742 and the methane flowrate did from 23.45 kg/year to 44.67 kg/year respectively.
From the figure 6, it is observed the optimum pressure is 3 bar with 44.67 kg/hr. Beyond 3 bar of
operating pressure, the methane composition and its production rate began to decrease because
methanogen could not effectively produce methane and become unstable at high pressure [19]. The
effect also can be seen from biogas composition in figure 7.
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Figure 7. Composition of biogas with pressure variations.
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6. Conclusion

An Aspen Plus simulation model has been developed to represent the two-stage AD process that
represent the four key steps that convert biomass into biogas. After validation, the model was further
simulated to investigate influencing factors to the bio-methane yield. Three factors have identified as
suggested and they were feed and hydrogen flowrates, and operating pressure. Simulation results
showed that methane composition in the biogas at first increased until reach optimum feed rate and then
decreased although the feed rate increases due to the decrease in residence time that the biomass needs
to convert to methane. Besides, the simulation results also show that the production of bio-methane was
affected by the hydrogen flowrate and operating pressure. The optimal production level of bio-methane
(fraction of the biogas) was 0.122 kg/day with 74.2 % purity at the feed flowrate of 0.36l/day, at
hydrogen flowrate of 180 I/day, and at pressure of 3 bar. In a nut shell, the produced bio-methane has
potentials to substitute natural gas for various applications including heating, power generation and
vehicle fuels.
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