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Abstract: Human activities produce great amounts and diversity of organic chemical compounds, of which the petro-
chemical industry results in the emission of volatile organic compounds as dangerous waste products of the refinery pro-
cess. The purpose of this work is to have a System Dynamics approach to the bioremediation of petroleum-derived pollu-
tants in a biocontainer closed system, based in a bacterial consortium and a series of waste compounds of interest. By iden-
tifying the key components in the studied system, characterizing the relations amongst them, and with the use of the results 
for 3 different experimental settings, the results for a large-scale biocontainer setting are predicted in terms of the expected 
consortium recounts and pollutant levels. Results show the degradation efficiency and behavior for a prediction baseline 
and a series of potential scenarios, and that growth rate and initial pool size represent key components when designing a 
closed system biodegradation setup. 
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1. Introduction 
Human activities have been proven to a great extent to produce great amounts and diversity of organic chemical com-

pounds such as petroleum hydrocarbons, halogenated and nitroaromatic compounds, phthalate esters, solvents and pesti-
cides, which end up in the environment. These unwanted substances in the environment are defined as contaminants pol-
luting water bodies, soil and air [1]. Amongst these activities, we can find the petrochemical industry characterized for the 
generation of a series of liquid effluents resulting from the petroleum refinery process. The depuration process that accom-
panies the effluents results in sludges with a high content of petroleum-derived hydrocarbons, mainly alkanes and paraffin 
of between 1 and 40 carbon atoms, as well as cycloalkanes and aromatic compounds, proving to be a dangerous waste 
product. The problem with the produced waste is that when dumped or burned without treatment, the toxic character is not 
eliminated, since the decomposition results in other organic compounds called volatile organic compounds (VOC) [2]. The 
VOC’s such as toluene, benzene, ethylbenzene, xylenes and phenol are considered air-borne contaminants have been asso-
ciated with discomfort, irritation and diseases, even in low concentrations [3,4].  

Landfarming consists of a treatment technology involving the controlled application of waste on soil surface and incor-
poration in the upper soil zone. This process seeks to remediate the problems posed by contaminants resulting from human 
activities, and remediation by natural attenuation in which the mass, mobility or toxicity of these contaminants is reduced 
by naturally occurring biological processes is called bioremediation [5,6,7]. Bioremediation as technology consists in the 
utilization of the metabolic potential of microorganisms to clean the contaminated environments, in non-sterile open envi-
ronments containing a variety of microorganisms [6]. This process represents one of the main mechanisms by which petro-
leum hydrocarbons are treated to allow for their elimination from the environment due to its low cost and high success po-
tential, and the only available option for solving the pollution problem without transferring it to the future [1,2]  

Even though the process has a great strength attributed to it, it also has limitations associated since even though the bio-
logical activity apparently accounts for most of the degradation of hydrocarbon contaminants, other physical and chemical 
mechanisms can act as considerable paths for the elimination of these compounds [2]. In fact, studies report that volatiliza-
tion of VOCs occurring in the first two months of biodegradation process, account for a great fraction of hydrocarbons re-
moval [4]. Given that conventional open system landfarming is associated with non-controlled VOC emissions, an alterna-
tive for a closed system is required. This alternative is the use of biocontainers characterized by containing petroleum hy-
drocarbons degrading microorganisms in a permeable adsorbent barrier to these compounds [8].  

A previous study by Barbosa & Dussan [8] assessed the efficiency of a biocontainer setup in a pilot scale comparing the 
results for the open and the closed systems with their corresponding controls, and another study (Dussan personal commu-
nication) assessed the efficiency of the open system in a large-scale setup. An additional setup for a large scale closed sys-
tem is considered as the object of this study and the aim is with the use of simulation software and the knowledge of the 
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studied system, to predict the expected results from this experimental setup, using the experimental results from the other 3 
completed setups as input for biodegradation and volatilization dynamics. 

2. Materials and Methods 
2.1. Methodology 

The system dynamics analysis used is based upon the proposal made by Sterman [9] and it is composed by a series of 
major steps. These represent the iterative steps in modeling that may come from one to another in order to refine the system 
description and representation. These steps are: 

• Problem Definition  
• Dynamic Hypothesis/ System Description  
• Model Development  
• Model Confidence Tests  
• Design and Evaluation of Policies 

2.1.1. Problem definition 
The study focuses upon the use of an experimental large scale methodology for the bioremediation of petrole-

um-contaminated soil associated to an oil refinery in Yopal, Casanare, Colombia, in terms of volatile organic compounds 
(VOCs) specially BTEX, phenol and Total Petroleum Hydrocarbons (TPHs), by a bacterial consortium developed by Cen-
tro de Investigaciones Microbiológicas (CIMIC) at Universidad de los Andes. The experimental data for pilot scale land-
farming and biocontainer, and large-scale landfarming is used for the prediction of the large-scale biocontainer behavior. 
This is done with the consortium recounts and compounds of interest’s measurements as key variables for the bioremedia-
tion process. By identifying the systems’ variables interactions and the reactions to each other, an explanation for the sys-
tem behavior is developed and applied for the prediction. 

The degradation process for petroleum hydrocarbon compounds is the results of both microorganism activity and natural 
volatilization process. The ideal mechanism is the biodegrading activity since the VOCs taken into the air represent a haz-
ard to human health given their airborne pollutants categorization. However, the volatilization process is greatly generated 
during the landfarming process through the aeration, tillage and in lesser extent by microbial respiration. This aeration and 
tillage are necessary since the mechanical manipulation of the soil improves its condition in terms of the redistribution of 
nutrients (carbon, nitrogen and water), which are required for an adequate microbial activity [8]. This shows why in an 
open system it is not possible to separate both processes and the interest in assessing the closed biocontainer system where 
the volatilization process is greatly attenuated. 

2.1.2. Dynamic Hypothesis 
This study pretends to show the interrelation between the bacterial consortium population levels and the biorremediated 

pollutants, and the relationship variations according to experimental conditions, since they belong to a bioremediation sys-
tem in which natural occurring phenomena results in a dynamic character. Prior knowledge of the phenomena behavior 
allows establishing an expected result for the key variables studied and the results obtained for different experimental con-
ditions allows for the extrapolation and prediction of the key variables behavior under specific system parameter condi-
tions. 

The key components in the proposed system correspond to 1) the bacterial consortium, 2) the pollutants and 3) the volat-
ilization process. Amongst these, the bacterial consortium in its biological activity seeks to replicate, feeding upon the 
available carbon sources, represented by the pollutants in the system. On the other hand, the volatilization process enforces 
the movement of pollutants from the soil matrix to the atmosphere, rendering them unavailable for the bacterial consortium.  

The reduction in the pollutants levels is related to the degradation by the bacterial consortium and the volatilization pro-
cess, which by their own nature try to reduce the pollutant as much as possible. However, the carrying capacity and volati-
lization in the system are dependent on the pollutants level, thus the reduction is slowed as the pollutants are eliminated. 
The system is represented in Fig. 1. 

 
 
 
 
 
 
 
 
 
 



 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 1. Degradation system causal loop diagram, showing pollutants, biodegradation and volatilization.

A “+” on an arrowhead connecting 2 variables represents a positive relation between them, indicating a change in one of 
them results in a change in the other one in the same direction. A “-“ indicates a change in the opposite direction. The sign 
in the center of loops represent positive and negative feedback loops, where changes reinforce or balance the initial change 
respectively. 

Bacterial populations grow or decrease naturally due to the interaction between naturally associated feedback loops for 
replication and death (Fig. 2). This interaction allows for a steady growth with greater replication than natural deaths and 
vice versa. 

The degradation and volatilization processes are highly dependent upon the pollutants availability, resulting in negative 
feedback loops for both (Fig 3.) since when the pollutants have high availability the amount degraded and volatilized is 
high, but when the pollutants level is low, the degradation and volatilization levels are also low.  

 
 
 
 
 
 
 
 
 
 

 

Figure 2. Positive growth and negative natural death feedback loops on bacterial consortium populations. 

 

 

 

 

 

 

Figure 3. Pollutant availability negative feedback loops for biodegradation and volatilization. 

The resulting effects of the loop interactions on the pollutants levels is an exponential distribution behavior in which 
greater reductions of pollutants when their levels are high are followed by smaller reductions as the pollutants levels de-
crease. This results from the fact that there is no increase in pollutants levels and there is a competition archetype behavior 
for the reduction of these between the bacterial consortium and the volatilization process. In terms of the degradation pro-
cess, it decreases through time as the pollutants are reduced, since this implies a reduction in the system’s carrying capacity 
that limits the amount of bacteria that can survive with the given resources. In terms of the volatilization process, given its 
nature, it is reduced as the pollutants are eliminated from the system. In the long run, the key components proposed in the 
system are reduced and the loops lose strengths. 
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2.1.3. Model Development 
In the model development stage the dynamic hypothesis is translated into a flows and stocks representation and is divid-

ed into a total of 4 modules. Each experimental design, pilot and large scale, landfarming and biocontainers, represents 1 
module, and each has the bacterial consortium, the pollutants and degradation and volatilization rates (Fig. 4). 

In the model the bacterial consortium replicates according to a natural growth rate dependent upon the carrying capacity, 
which is represented by the total amount of pollutants in the system. The degradation for each pollutant is dependent upon 
the amount of bacterial consortium in the system with a constant rate per bacterial unit. The volatilization process corre-
sponds to a percentage of the available pollutant per unit of time. As a whole, the model shows the bacterial consortium 
population and pollutant’s behavior in terms of bacterial units and particles per million (ppm) respectively, for each of the 
experimental designs, in one month, time in which experimental data is obtained. The model was developed using iThink 
v9.0.2 software [10].  

Figure 4. a) Landfarming Module. b) Biocontainer Module.

 

2.1.3.1. Model Assumptions 
The model contains a series of assumptions that allow for the simplification of the studied system. For example, the 

model assumes that the degradation process starts on day 20 with pollutant levels equal to the ones registered on day 0, 
since it is assumed that is the time required for the bacterial consortium to adapt to the polluted soil conditions. The exper-
imental procedure consists of an initial bacterial inoculation into the system with densities around 109 that are quickly re-
duced to around 106 while the bacterial consortium adapts and accommodates to the new environmental growth conditions. 
At around day 15 there is a secondary inoculation to raise the titles and after that it is expected that the degradation process 
start []. Additionally, the model assumes that the amounts of pollutants volatilized in the system are equal to the ones ob-
served in the control for each of the known experimental settings. 

2.1.4. Model Confidence Tests 
The model can be used for prediction once it has been proven to reproduce the pollutants and populations’ behavior ac-

cording to the experimental data obtained in the other experimental settings and the proposed dynamic hypothesis. This 
ability to reproduce the real life trend indicates that the model contains the critical elements that explain the observed be-
havior in the system that has been modeled. Fig. 5 shows the functional form for the three known settings for both the bac-
terial consortium populations and the studied pollutants. As can be seen, in all of the settings the pollutants levels decrease 
in an exponential functional form as expected according to the dynamic hypothesis.  

Tables 1, 2 & 3 show the final values for each of the pollutants, the bacterial consortium population and volatilized 
amounts, compared to the results obtained in the baseline model runs. As can be seen, the values are very similar, indicat-
ing that the model effectively captures the system structure and can thus be used for prediction. 
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Table 1. Final pollutant concentrations for known experimental settings and simulation model results. 

Pollutant 
Landfarming Pilot Scale 

(ppm) 

Model 

(ppm) 

Landfarming Great Scale 

(ppm) 

Model 

(ppm) 

Biocontainer Pilot Scale 

(ppm) 

Model 

(ppm) 

Toluene  3,190   3,166   0.430   0.000   13,550   13,556  

Ethylbenzene  3,318   3,345   0.340   0.000   14,092   14,019  

Benzene  3,381   3,385   0.420   0.000   14,363   14,385  

m-Xylene  2,807   2,758   0.280   0.000   11,924   11,912  

o-Xylene  2,935   2,918   0.356   0.000   12,466   12,467  

p-Xylene  2,488   2,426   0.220   0.000   10,569   10,562  

Phenol  6,380   6,364   0.376   0.000   27,100   27,103  

TPH  85,761   85,756   13,210   13,305   146,343   146,182  

 

Table 2. Final consortium recounts for known experimental settings and simulation model results. 

Setting Consortium Recounts (CFU x 106) 

Landfarming Pilot Scale   5,600  

Model   5,652  

Landfarming Great Scale   160  

Model   166  

Biocontainer Pilot Scale   50,000  

Model  50,620  

 

Table 3. Total volatilization for known experimental settings and simulation model results. 

Pollutant 
Landfarming Pilot Scale 

(ppm) 

Model 

(ppm) 

Landfarming Great Scale 

(ppm) 

Model 

(ppm) 

Biocontainer Pilot Scale 

(ppm) 

Model 

(ppm) 

Toluene  8,949   8,954   10,879   10,880   19,844   19,832  

Ethylbenzene  9,307   9,307   10,993   10,994   21,215   21,214  

Benzene  9,486   9,485   9,486   9,485   21,624   21,626  

m-Xylene  7,875   7,864   9,643   9,649   17,954   17,948  

o-Xylene  8,233   8,242   10,324   10,328   18,767   18,779  

p-Xylene  6,980   6,976   8,007   8,007   15,914   15,915  

Phenol  16,100   16,091   16,546   16,548   40,024   40,028  

TPH  211,619   211,619   170,580   170,575   173,245   173,239  

 

2.1.5. Prediction Results 
For the purpose of prediction, according to the model assumptions, a 10-day period is used as baseline and predictions 30 

days are also made. To determine the parameters for the module corresponding to the Large Scale Biocontainer, these are 
inferred from the deterministic parameters that operate in the other 3 experimental settings. The scenarios applicable for the 
system correspond to variations in the initial pool size, pollutant levels, and pool growth rate. For this reason, the predic-
tions consist of variations and mixtures of low and high values for these key variables, corresponding to the maximum and 
minimum values observed in the known experimental settings. The predicted scenarios are listed in Table 4 and the pre-
dicted scenario results are listed in Tables 5 and 6. Additionally, to assess the functional forms that represents the key vari-
ables behavior. The behavior for a landfarming setting, the baseline and some scenarios are shown in Figure 5. 
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Table 4. Predicted Scenario conditions 

Scenario Initial Pool Size Contaminant Levels Pool Growth Rate 
Baseline Low High High 
A Low Low Low 
B High Low Low 
C Low High Low 
D Low Low High 
E High High Low 
F High Low High 
G High High High 

 
 

Table 5. Predicted Scenario pollutant results for large-scale biocontainer 

Pollutant Day Baseline A B C D E F G 

Toluene (ppm) 

0  27,600   12,061   12,061   27,600   12,061   27,600   12,061   27,600  

10  13,480   8,930   5,794   14,115   8,325   10,767   3,575   8,157  

30  2,126   2,649   1,613   3,000   1,882   1,858   703   836  

Ethylbenzene (ppm) 

0  28,704   11,230   11,230   28,704   11,230   28,704   11,230   28,704  

10  14,098   8,947   6,350   14,597   8,470   11,835   4,546   9,716  

30  2,246   2,701   1,714   3,047   1,998   1,960   856   998  

Benzene (ppm) 

0  29,256   10,005   10,005   29,256   10,005   29,256   10,005   29,256  

10  14,431   8,879   5,265   15,164   8,181   11,305   2,706   8,295  

30  2,263   2,863   1,686   3,262   1,986   1,964   649   800  

m-Xylene (ppm) 

0  24,288   12,590   12,590   24,288   12,590   24,288   12,590   24,288  

10  11,820   8,598   6,262   12,277   8,161   9,789   4,628   7,869  

30  1,854   2,366   1,523   2,548   1,757   1,619   787   792  

o-Xylene (ppm) 

0  25,392   11,903   11,903   25,392   11,903   25,392   11,903   25,392  

10  12,378   8,465   5,856   12,937   8,113   9,961   3,889   7,649  

30  1,927   2,488   1,545   2,719   1,793   1,680   717   750  

p-Xylene (ppm) 

0  21,528   10,245   10,245   21,528   10,245   21,528   10,245   21,528  

10  10,460   7,889   3,304   11,449   6,948   6,532   -   2,617  

30  1,502   2,418   1,242   2,584   1,469   1,284   238   97  

Phenol (ppm) 

0  55,200   20,438   20,438   55,200   20,438   55,200   20,438   55,200  

10  26,899   16,707   9,873   28,298   15,275   20,997   5,019   15,284  

30  4,181   5,234   3,067   6,034   3,607   3,644   1,155   1,497  

TPH (ppm) 

0  337,667   384,899   384,899   337,667   384,899   337,667   384,899   337,667  

10  141,972   177,924   117,842   155,348   165,209   90,782   73,835   38,815  

30  16,319   33,629   20,479   29,193   22,346   14,619   8,381   1,112  

Efficiency 
10 57.96% 53.77% 69.38% 53.99% 57.08% 73.11% 80.82% 88.50% 

30 95.17% 91.26% 94.68% 91.35% 94.19% 95.67% 97.82% 99.67% 

 

 

 



Table 6. Predicted Scenario consortium recounts results for large-scale biocontainer 

Consortium Recounts (CFU 10) Baseline A B C D E F G 

Day 0  5,700   5,700   87,000   5,700   5,700   87,000   87,000   87,000  

Day 10  23,488   2,724   18,325   2,975   21,088   23,420   34,689   41,351  

Day 30  380   1   1   1   348   2   103   97  

Figure 5. a) Large-scale Landfarming. b) Baseline Biocontainer. c) Low growth rate (scenario C). d) High initial pool size (scenario G). e) Biocontainer 

Pilot. f) Low pollutant levels (scenario D). 

3. Discussion 
The model’s ability to simulate the results for known and completed experimental settings indicates that is has the main 

elements necessary to represent the system studied and gives an insight into understanding the observed behavior. The pre-
dictions for multiple scenarios showed how the variation in key variables affects the system behavior in terms of pollutant 
removal. 

As Figure 5 shows, the pollutant levels are reduced as in an exponential distribution behavior, the functional form ex-
pected according to the dynamic hypothesis. Additionally, the consortium pool size behavior operates according to the 
feedback loops established in the dynamic hypothesis. The population grows when the carrying capacity allow for a lower 
death rate than natural death rate and it decreases when with lower carrying capacity, the natural death rate surpasses the 
replication rate. 

When comparing the behavior between the baseline biocontainer and landfarming settings (Figure 5. a) and b)), it can be 
seen that the pollutant removal rates are lower in the biocontainer setting, since it takes longer for them to be reduced to 
similar levels compared to landfarming. Such difference can be attributed to the facts that volatilization rates are greater in 
landfarming, given its nature of being an open system. The fact that the biocontainer retains the volatile pollutants implies 
that there are more carbon sources available to the degrading consortium; hence the pool size increase that is observed in 
the baseline biocontainer and not observed in the landfarming setting. For these reasons, it can be expected that the total 
degradation process in a biocontainer takes longer than a landfarming setting. 

The growth rate the consortium has in the degradation setting is determinant of the overall system efficiency. With a low 
growth rate, since there is still a volatilization process occurring, the carrying capacity decreases and the pool does not in-
crease in size. The comparison between high and low growth rates (Figure 5 b) and c)) shows that with a low rate, the pool 
size decreases over time instead of increasing as in the baseline scenario. This implies that in the same amount of time, the 
eliminated pollutants are greater in the baseline scenario as can be seen in Table 5 comparing baseline and scenario C. 

The initial pool size for the setting is another key variable that determines the overall system behavior. A higher number 
of microorganisms in the consortium imply a faster consumption/removal of the available pollutants, reason for which the 

a) b) 

c) d) 

e) f) 
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pool size increases faster when compared to the baseline scenario (Figure 5 b) and d)). Due to the faster growth, the availa-
ble carbons sources are depleted much faster and so the decrease in the pool size due to carrying capacity starts in scenario 
G, when in the baseline the pool size is still increasing. However, the greater pool results in better pollutant removal results 
as can be seen in Table 5 comparing baseline and scenario G. 

Looking at the differences between the pilot and large-scale, results show that for the large-scale settings, the degrada-
tion rates are greater therefore the carrying capacity is depleted at a faster rate which results in a smaller peak of maximum 
pool size (Figure 5 b) and e)).  

For the variable corresponding to the pollutant levels, it can be seen that the functional form for the population does not 
vary and only the peak size is reduced when the pollutant levels are lower. This is due to the fact that lower levels imply a 
lower initial carrying capacity. However in terms of removal results, it can be expected that with lower initial pollutant lev-
els, the final levels are lower as well but the efficiency is lower since the population is smaller in the long run. This can be 
seen comparing individual pollutants for the baseline and scenario D in Table 5. 

Observing the effects of varying the key structural variables, it can be seen in Table 5 that the consortium populations 
levels has the greatest impact in the system’s overall pollutant removal efficiency. Now, it is expected that for the real life 
experimental setting, the resulting pollutant levels are lower but attributed to the presence of other microorganisms, weather 
and phytoremediation. 

4. Conclusions 
The results obtained for the baseline and evaluated scenarios give a better sense to the purpose of this work, in which the 

varying interaction between the degradation and volatilization processes and the key variables that represents them, results 
in different levels of growth, degradation and system efficiency. The system studied represented by the model has evaluat-
ed how each of the key variables affect the system dynamics by predicting resulting in different scenarios, giving an insight 
in what should be considered most relevant when planning to develop a biocontainer bioremediation setup.  

Closed system biocontainer setups for the bioremediation of petroleum-derived pollutants might take longer to degrade 
than their open system counterparts, but more pollutants are effectively degraded by the microorganisms and less volati-
lized. The reduction in the emission of volatilized pollutants into the air is enough reason to promote the use of biocontain-
ers instead of landfarming settings, even if the overall process takes longer due to the benefit obtained.  

To develop an adequate biocontainer setup, the microorganism’s pool growth rate must be taken into account because it 
is associated with the good selection of species conforming the pool. When the designed pool is better adapted to the envi-
ronment it will be placed in for a bioremediation process, its growth rate will be greater and a higher number of individuals 
allows for greater degradation, which implies better results. In addition to the growth rate, the initial size of the consortium 
pool must also be taken into consideration for the biocontainer setup. Given the fact that is a closed system, once the setup 
is made it cannot be opened for a secondary inoculation to reinforce the population, hence the need for an high initial inoc-
ulation. Having an initial pool with a good size and high growth rate due to its adaptation will allow for the best results 
possible in terms of pollutant degradation. 

The insights obtained through this study about the system dynamics associated to the biodegradation and volatilization 
processes involved in bioremediation setups, represent a better comprehension of the mechanism operating behind these 
natural processes. A dynamic approach to complex systems such as the one studied allows for obtaining information for 
better decisions when it comes to the development of a more efficient system that complies with the requirements those 
interested in it have, in terms of its performance. 
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