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ABSTRACT In this study, a novel process simulation model (PSM) was developed for anaerobic 

digestion using Aspen Plus
®
 (version 7.3.2). PSM has two parts, one for hydrolysis working based on 

extent of reaction and the other on kinetics of reactions. A total of 53 reactions were used in the model 

including inhibitions, rate kinetics, pH, ammonia, volume and HRT. Each reaction set in the kinetic reactor 

has a FORTRAN program to calculate the kinetics of biogas production. PSM was validated with earlier 

research studies and industrial experiments in Aspen Plus
®
. The P-value after statistical analysis was found 

to be 0.324, which showed there was no significant difference between different validations, even after a 

change in process conditions, loading rate, HRT and substrate. The sensitivity analysis with a ±10% 

change in composition and extent of reaction would result in average 4.56% higher value than the 

experimental value. 
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Introduction 

Biogas production is a complex process involving four stages including hydrolysis, acidogenesis, 

acetogenesis and methanogenesis. In hydrolysis, complex cellulose, protein and fats are broken down to 

their monomers such as glucose, amino acids, fatty acids, etc. In the second phase, the monomers are 

converted to volatile fatty acids (VFA) including propionic acid, butyric acid, iso-butyric acids, valeric 

acid, iso-valeric acid and caproic acid. Furthermore, VFA’s are converted to acetic acid, hydrogen and 

carbon dioxide by acetogenes. In the final step, further conversion leads to methane and carbon dioxide 

collectively called as biogas [1,2]. 

Developing a model for such a complex process will have an advantage to work with different substrates 

and its parameters without performing actual experiments. Previously, some models have been developed 

since 1960’s to describe anaerobic digestion including BIOTREAT, ADM 1, and comprehensive model. 

McCarty et al. developed BIOTREAT model based on stoichiometry and kinetics of reactions. However, 

the model involves only the VFA’s conversion and not the other stages in anaerobic digestion. BIOTREAT 

also had a custom reaction for unknown organic compounds, which is a mathematical model [3, 4]. Later, 

ADM 1 and comprehensive model was developed to fill the missing stages of anaerobic digestion from 

BIOTREAT [5,7]. All these models were based on mathematical modeling or involving stoichiometric and 

kinetics of reactions. 

Nonetheless, thermodynamics is one factor which has huge effect when it comes to industrialization of a 

process. A suitable model is needed to work both on thermodynamics as well as kinetics, to provide access 

to process parameters such as volume, pH, temperature, and HRT. No such model has been previously 

described involving both thermodynamics and kinetics of reaction for anaerobic digestion. Process 

simulation is getting huge attention due to its complex thermodynamic property methods and difference to 

reality is negligible. In this work, a novel process simulation model was developed using Aspen Plus
®
 

(Version 7.3.2) for anaerobic digestion and validated from previous research studies and industrial data 

sets. Furthermore, the model was analyzed statistically for its performance to different validations. 

Model description  

Process simulation model 

The PSM consists of two reactors, one is hydrolysis reactor based on extent of reaction, and the other one is 

conventional CSTR implies reaction kinetics. NRTL was chosen as the property method to  
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facilitate both liquid and gas phase. The 

kinetics of the equations were obtained 

from previous models such as ADM 1 

and comprehensive model. Some 

equations in ADM 1 were resolved for  

stoichiometry, which are 

not balanced. Additionally, the missing 

complex substrate hydrolysis equations 

were included in the form of 

carbohydrates, proteins and fats in the 

first reactor. 

Carbohydrates were included in the 

form of cellulose, starch, and 

hemicelluloses. Proteins were included 

in two forms such as soluble proteins 

and insoluble proteins. Fats were 

included in the form of palmitic acid 

and triolein. In the CSTR, each kinetic 

equations set had a FORTRAN 

program to determine the rate of 

reactions in acidogenic, acetogeneic 

and methanogenic phases. 

In total, ten different programming blocks were used for glycerol, valeric acid, butyric acid, propionic acid, 

linoeic acid, amino acids, sugars, palmitic acid, oleic acid, methanogenesis and hydrogen utilizing 

reactions (Fig 1). The iterative solutions were obtained by passing the output of kinetic reactor to 

hydrolysis reactor; once it is matched with both these reactors, the final solutions are obtained. In each 

FORTRAN blocks, the inhibitions in the form of pH, temperature and ammonia were included in form of 

logic loops. For every input (fresh or recycled), the calculator blocks calculate the rate of each reaction, 

thus making the simulation near to reality. Furthermore, the volume of reactor, residence time is also 

included in the model covering many of the important parameters in biogas production. 

To investigate the performance of PSM, some research studies and industrial results were used to test the 

difference to reality from simulation. Some cases from the model validation were listed below: 

Case 1: The substrate used in this work was pig manure with a digester volume of 30 L and a HRT of 8 

days at thermophilic temperature (55°C). The OLR was 7.68 kg VS/m
3
/day which resulted in 0.269 m

3
/ kg 

VS biogas production [8]. 

Case 2: Cow manure was used as a substrate with a working volume of 5 L. Other processing conditions 

includes HRT 15 days, loading rate was 0.333 L/day. The composition of manure was 70% carbohydrates, 

8% protein, 2% fat and remaining was ashes. The average experimental biogas production was found to be 

353.5 L/kg VS [9]. This result was used to compare to the simulation results and the difference was 

calculated. 

Case 3: An industrial plant operating with municipal solid waste located in Borås, Sweden was considered 

for this validation. The plant was fed with an input of 150 m
3
/day with an HRT of 21 days. The volume of 

digester was 3000 m
3
. Apart from the main digester, a second digester was in operation with a less HRT of 

2.27 days with a volume of 340 m
3
.  For this purpose, two digesters in serial were connected in simulation. 

The daily biogas production in the plant was 9600 m
3
/day [10]. 

Case 4: In this validation, a laboratory study which studied the effect of co-digestion of municipal solid 

waste (MSW) and citrus waste (CW) was considered. The volume of the reactor was 5 L, with a HRT of 21 

days. In this case, 70% MSW and 30% citrus waste wastes were co-digested and the experimental results 

were found to be 0.55 m
3 
CH4/kgVS/day [11]. 

Statistical validation 

 

Fig.1. Block flow diagram of the process simulation model  
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Based on different case studies, the statistical validation of the model was performed by drawing a 

probability plot for different case studied in validations. In addition, the general sensitivity of the model 

was studied by varying the composition of the substrate and the extent of reaction in the hydrolysis reactor 

by ±10%. The composition and rate of extent was changed for carbohydrates, proteins and fats in the form 

of a 2
3
 experimental design for each case, and the difference to the experimental results were analyzed 

from the base simulation results. Furthermore, the confidence interval was calculated for the varying ±10% 

difference in composition and extent of reaction to the difference in experimental data. 

Results and Discussion 

Validations from simulation 

Table 1 shows the predicted result 

from the model and the 

experimental result. The simulation 

had a higher prediction in most of 

cases. This could be due to the fact 

that the model has major inhibition 

including pH, temperature and 

ammonia. However, several other 

inhibitions could affect the biogas 

production is not included. 

Nonetheless, the predicted result is 

a good estimate to reality, which 

reduces the time and money to test 

any new substrate in different 

operating conditions of OLR, HRT, 

TS, VS, composition, etc. 

The cases included in validation vary from lab scale to industrial plant of volume 5 L to 3000 m
3
, with a 

change in HRT between 8 – 21 days and for every validation, the results were close to the observed value. 

It is worth mentioning, that the experimental results might also have error, which could also be a reason for 

the difference from the simulation results. 

Statistical analysis 

Based on the validations from the model, a statistical analysis was performed for generalization of the 

model. The probability plot was plotted for the validated cases based on the difference obtained in the 

simulation to the experimental results. The results showed that the simulation in average had 3.12% greater 

value than the experimental value (Fig 2). The P-value was 0.324, which proved the model had no 

significance difference even after changing the loading condition, substrate, TS, HRT and other process 

parameters. 

Furthermore, the sensitivity of the model was analyzed with the change in composition and the extent of 

reaction in hydrolysis reactor based on carbohydrates, proteins and fats. The results revealed that the 95% 

confidence interval for a ±10% difference in composition would result in average between 2.08 – 6.44% 

difference from the experimental value and that of extent of reaction is 2.59 – 7.13%. Thus, the model is 

adaptive to changes in composition and extent of reaction and the confidence interval gives a good estimate 

on sensitivity of the model. In average, the model results and the experimental results with a ±10% 

difference in composition or extent of reaction would be 4.56% and that of no change would be 3.12%. The 

model predicts the change in composition and the sensitivity is not affected, and thus proving a better 

industrial solution and research solution for biogas production. 

Conclusions 

A novel process simulation model for anaerobic digestion was developed using Aspen Plus and it was 

validated from previous research and industrial results. Furthermore, statistical validation for different 

cases assessed revealed that the model had no significant difference (p-value 0.324) even after changing 

the operating conditions widely. The sensitivity analysis obtained after changing the composition and 

 

Fig.2. Statistical analysis of the process simulation model  
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extent of reaction by ±10% showed that the model had a 1.44% increase in biogas production compared to 

no change in composition. The 95% confidence interval for a varying composition of ±10% was found to 

be between 2.08 to 6.44% and that of extent of reaction was 2.59 – 7.13% difference from the experimental 

value.  

Table 1. Different raw materials with their processing conditions and comparison of experimental results 

and results obtained from simulation. 

  Case 1 Case 2 Case 3 case 4 

Substrate Pig manure Cow manure MSW MSW/CW 

HRT (days) 8 15 21 21 

Volume 30 L 5 L 3000 m
3
 5 L 

OLR 7.68 kgVS/m
3
/day  0.333 L/day 3.5 kg VS/m

3
/day 3 gVS/L/day 

Total solids (%) 6.4 6 15 13 

Experimental 

results 
269 L/kgVS 353.5 L/kgVS 9600 m

3
/day  

0.55 m
3
 

CH4/kgVS/day  

Model results 295 L/kgVS 365.83 L/kgVS 10168.6 m
3
/day 

0.537 m
3
 

CH4/kgVS/day 

Difference (%) 9.6 3.4 5.9 -3.2 

Conclusions 

A novel process simulation model for anaerobic digestion was developed using Aspen Plus and it was 

validated from previous research and industrial results. Furthermore, statistical validation for different 

cases assessed revealed that the model had no significant difference (p-value 0.324) even after changing 

the operating conditions widely. The sensitivity analysis obtained after changing the composition and 

extent of reaction by ±10% showed that the model had a 1.44% increase in biogas production compared to 

no change in composition. The 95% confidence interval for a varying composition of ±10% was found to 

be between 2.08 to 6.44% and that of extent of reaction was 2.59 – 7.13% difference from the experimental 

value. 
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