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Abstract
Volatile organic compounds (VOC) are widely used in different industries as solvents or reagents. The removal of excess 
organic substances is vital from both environmental and economic point of view. The purge columns or silos where the 
solid particles are discharged continuously and the gas is fed counter currently are examples of operation units where the 
excess organic substances should be removed. In this study, a previously developed model of a VOC removal silo was used 
in the investigation of its extended operation. Both economic and environmental concerns were addressed. Response surface 
methodology (RSM) was applied for a two-factor environmental-economic optimization of the system utilizing temperature 
and purge gas flow rate as factors, and removal time and energy demand as outcomes. The environmental performance was 
tested using a simplified life cycle analysis (LCA). Two scenarios were examined and compared, one of them with full and 
the other one with zero VOC emission case. The main achievement of our study is a new optimization map which includes 
both environmental and economic aspects. In conclusion, 80 °C temperature and 3 m3/h flow rates resulted as the optimal 
parameters.

Keywords VOC removal · CFD simulation · Multi-scale model · LCA · Environmental calculation · Economic and 
environmental optimum

Introduction

Organic solvents are often present in various technologies, 
for example in pharmaceutical and chemical technologies, 
by polymerization or by resin production. However, the 
volatile organic compounds (VOC) are harmful substances, 
which need to be removed from the tail gas or waste fluids 
before being emitted to the environment (Zoveidavianpoor 
et al. 2012). The removal of VOC is an environmental issue, 
and it is our responsibility to preserve the biodiversity of our 
planet for future generations.

The VOC removal processes can be divided into sub-
types: physical, chemical and biological separation (Beren-
jian et al. 2012). The VOC can be removed mostly by using 
adsorption processes where some adsorbent (for example, 

activated carbon and zeolite) is used to extract the VOC 
from the gases. However, after a specific time, the adsorbent 
saturates with the VOC and needs to be purified. There are 
multiple ways to treat saturated adsorbents. The two most 
frequently used methods are incineration and regeneration 
(EPA-450 1983).

Incineration is considered to be the most harmful opera-
tion because the halogenated compounds like sulfur and 
nitrogen oxides might enter the atmosphere. For example, 
when activated carbon is incinerated, the  CO2 produced is 
a primary contributor to the greenhouse effect. The incin-
eration-based line suggests that the easiest way of treating 
harmful substances is combusting the VOC. The incinera-
tion of hydrocarbon-based substances also produces a large 
amount of  CO2, in the case of which the application of cata-
lysts can result in a lower environmental burden.

Regeneration has a much less negative impact on the 
environment. It occurs when one of the process variables is 
changed, e.g., temperature or pressure. Due to these different 
conditions, the VOC leaves the surface of the compounds, 
which results in a much lower concentration of harmful com-
ponents, even if the gases are emitted into the atmosphere.
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Recovery-based technologies for VOC removal can either 
be wet or dry ones. Usually, when using a wet scrubber the 
efficiency can be improved by facilitating photocatalytic 
methods (similar to the Fenton process for nitrogen oxides 
removal). In the experimental research of Xie et al., ethyl 
acetate and toluene were used as volatile organic compounds 
to be removed in a bubble column (Xie et al. 2019). Peroxy-
monosulfate was used as an oxidizing agent in a semi-batch 
operation, and a maximum of 98.3% and 96.5% removal 
efficiencies were obtained for the ethyl acetate and toluene, 
respectively. The wet processes appear to be efficient alterna-
tives to remove VOC; however, they are usually expensive. 
VOC adsorption can be an alternative way to the reaction-
based system even in the case of multistage gas systems 
(Dobslaw et al. 2017).

There are several applications for the dry stripping as 
well. It is most often used when VOC needs to be removed 
from drinking water. This method can be carried out in 
packed column equipment, and a detailed mathematical 
model can help with the optimization and safe operation of 
the processes (Ghoreyshi et al. 2014). Another method is 
called purging. The main idea behind this is to use a coun-
tercurrent gas stream to remove the reagents or solvents from 
the surface of the feedstock. The position of the injection of 
the gas stream can be considered as a design variable, and 
its suitable selection can lead to an optimal operation range 
(Bobst et al. 1983). The purge vessels can be operated con-
tinuously in terms of both gas and solid phase. The discharge 
of the solid material and the phase contact can be optimized 
by the proper design of the conical part of the silo (or even 
by the implementation of inserts) (Wang et al. 2019).

VOC materials are harmful for human health as well as 
for the environment. The major factors contributing to this 
phenomenon are from industrial sources. Therefore, the 
VOC emission of factories should be maintained at the low-
est possible levels. Smog formation is also an alerting prob-
lem, especially in the densely populated regions of China 
(Song et al. 2019), and its effects are the most severe in 
colder seasons (Yang et al. 2018). During the production of 
plastic products, granulates contact several VOC materials 
and solvent monomers.

Recently, recovery-based technologies are increasing in 
popularity. Unfortunately, both the wet and dry technolo-
gies have a disadvantage in the post-production processes, 
in which it is necessary to treat the purge gas (or waste flu-
ids) produced. However, recovery-based technologies have 
a lower effect on the environment compared to the incinera-
tion processes. In our research, we attempt to model and 
simulate a purging process in which polymer granulates are 
dry-purged with nitrogen in a silo.

Silos are widely used equipment for storage, especially 
in food industries. The discharge of the silo is one of the 
primary processes to be treated, and the angle of the coni-
cal part plays a significant part in this operation. Funneling 
effect should be avoided because the homogenous discharge 
(mass flow) is preferable. This statement also applies for 
purge columns, where the average residence time of the par-
ticles should be around the same value or above the purg-
ing time. Besides the angle, the operation can be enhanced 
by utilizing different insert elements that are able to shift 
the flow patterns in the desired direction. Computational 
fluid dynamics (CFD) simulators can be used effectively to 
optimize the placement of insert elements inside the silo. 
However, in this case, it does not mean that we apply any 
optimization software or known optimization algorithms, 
because the long CFD simulation runtime makes the itera-
tive optimization methods hard to use. The implementation 
of a model with the whole number of adsorbent particles is 
difficult, even on a laboratory scale.

However, most researches show that the multi-scale mod-
eling approach facilitates a more effective outcome. Starting 
with a model validated for a single particle, we can obtain 
kinetic related information, then move on to the level of 
particle bulks which can result in a model providing the 
necessary information related to industrial scales (Zhou 
et al. 2013; Wehinger et al. 2015). The number of mesh 
elements in the CFD model of purification equipment can 
be increased to an enormous number in case of a multi-
particle system, leading to an unstable solution, especially 
when some particle size modification processes (breaking, 
shrinking, leaching) take place within the system (Ström 
et al. 2015). Even so, adsorption (or desorption) can be 
calculated using multi-scale models (White 2012). All of 
the researches facilitate laboratory-scale models and try to 
extrapolate it to the industrial level.

In our previous study, we have investigated the possibil-
ity of using different spatial scales (2D and 3D) and mul-
tilevel models organized at different hierarchy levels (the 
particles’ and the equipment’s) for the modeling of the VOC 
removal process (Egedy et al. 2019). All the model types 
have been shown to be useful to a specific extent, and the 
information obtained from the lower hierarchy level can be 
transferred to the higher hierarchy level. This multilevel 
modeling approach can be used in the technology develop-
ment processes.

In this study of ours, we decided to apply the response 
surface methodology (RSM), which is mostly used in the 
experimental design procedure. Following the work of Box 
and Wilson, we applied multilevel models using two or 
more factors and one or more outcomes (Box and Wilson 
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1951). Using this experimental design, the significant fac-
tors affecting the processes can be identified and the optimal 
process parameters can be estimated with lower computa-
tional demand. RSM is generally used in many research 
fields due to its ability of reducing the experimental time, 
the number of experiments and their costs. RSM was applied 
in researches related to  CO2 capture (Hemmati et al. 2019), 
pyrolysis (Shalmashi and Khodadadi 2019), biodiesel syn-
thesis (Jung et al. 2016), and even to shape optimization with 
CFD applications (Coppedè et al. 2019).

In addition, we have also examined the environmental 
effects of the VOC removal process. The environmental 
assessment can be based on several indicators. Oliva et al. 
developed indicators for a VOC removal process facilitating 
removal efficiency and environmental aspect as well (Oliva 

et al. 2018). In our case, we have decided to calculate a 
simplified life cycle assessment (LCA) for the VOC removal 
process using gate-to-gate type of analysis. Life cycle assess-
ment or life cycle sustainability assessment (LCSA) has 
received much more attention in the last few decades as a 
comprehensive tool for evaluating different processes from 
an environmental point of view (Costa et al. 2019). This 
methodology can be generalized, and many databases can 
support the analysis. Furthermore, the methodology is appli-
cable not only for conventional technologies but also for 
polymer recycling (Wang et al. 2019) or bioenergy produc-
tion (Ubando et al. 2019) as well.

In our previous work, different spatial dimensions and 
scales (particle and laboratory scale) were tested (Egedy 
et al. 2019; Egedy and Rado 2018). In this study, a labora-
tory-scale silo was modeled. Temperature and purge gas flow 
rate were applied as factors, while removal time and energy 
need were used as outcomes. Two scenarios were compared 
during the LCA analysis: one with full VOC emission, and 
the other with its removal. Based on the RSM results, an 
optimal economic operating point was found, and based on 
the LCA analysis we found an optimal operating point in 
regard to environmental considerations. Then, we calculated 
an indicator number taking both the environmental and eco-
nomic aspects of the technology into account, which resulted 
in the optimal operating point of the system. COMSOL Mul-
tiphysics software was used for the CFD simulations; MAT-
LAB and R software packages were used to imply the RSM 
and the statistical calculations. Aspen Plus was used for the 
energy calculations, and OpenLCA 1.10 software (http://
www.openl ca.org/) was applied for the LCA analysis.

Table 1  The experimental plan Experiment Tempera-
ture [°C]

Flow rate 
 [m3/h]

Factor 1 (scaled 
temperature)

Factor2 
(scaled flow 
rate)

Outcome1 
energy demand

Outcome2 
removal time

1 60 3 − 1 − 1 68.7 108
2 80 3 0 − 1 100.4 69
3 100 3 1 − 1 135.6 46
4 60 6 − 1 − 0.333 130.0 108
5 80 6 0 − 0.333 190.4 69
6 100 6 1 − 0.333 257.4 47
7 60 12 − 1 1 273.2 109
8 80 12 0 1 400.1 70
9 100 12 1 1 541.7 47

Fig. 1  The contributors to the Hungarian energy mix (Introduction to 
Hungarian Energy Market, 2018)

http://www.openlca.org/
http://www.openlca.org/
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Materials and methods

The high computational demands of CFD simulations, 
especially in 3D cases, generally result in a long compu-
tational time. As a consequence, the optimization methods 
that find the optimum value as a series of iteration steps, 
including a CFD simulation, may only have limited use. 
Therefore, the use of traditional optimization processes 
might be more advantageous, so we have used RSM meth-
odology to determine the optimal operating parameters. 
A temperature (and time)-dependent kinetic formula was 
used for the calculation of the reaction rates. Due to this, 
we have applied temperature and flow rate-based expres-
sion to calculate the boundary fluxes between the solid and 
fluid phase using a particle scale model. A full two-factor 
calculation was conducted using gas flow rate and tem-
perature as factors (with three levels), while removal time 
and energy demand were used as outcomes. The removal 
time was considered as the time until 98% of the VOC 
exits the vessel. The energy demand was determined by 
calculating the power requirement for the heating of the 
gas and the compression work of the different flow rates. 
They are shown in terms of W/mol (meaning the energy 
demand needed for the removal of 1 mol VOC). Aspen 

Plus software was used for the calculation of the heating 
of the gas and the compression work.

The laboratory-scale device is 1 m in height, 0.2 m in 
width and 0.02 m in depth. A temperature-dependent kinetic 
formula was applied to the particle scale models, and the 
boundary fluxes were calculated with different flow rates. 
The value of the boundary flux is determined by a 2D 
axisymmetric simulation which contains only one particle. 
The fluxes were then transferred to the larger-scale model, 
and only the upper part containing the majority of the par-
ticles was calculated. During the step of optimization, the 
RSM used the results of the simulation as input information. 
When the evaluation of the results was finished, a quadratic 
expression was fitted (Eq 1), and we calculated the optimal 
operational parameters for the VOC removal process.

In Eq 1 T is the scaled temperature, F is the scaled flow 
rate, and a-f are the coefficients.

Table 1 shows the experimental plan, the simulation 
experiments with different factors, and the outcomes (Out-
come 1 is energy demand, while Outcome 2 is removal 
time).

(1)y = a + b ⋅ T + c ⋅ F + d ⋅ T2
+ e ⋅ T ⋅ F + f ⋅ F2

Fig. 2  a The applied geometry, 
b results of mesh independence 
study, c the computational mesh 
at the outlet boundary layer and 
the resolution of the particles
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The economic optimum can be determined based on 
the simulation results. After the simulations have finished, 
we calculated a simplified environmental assessment for 
the system, evaluating the different cases with an LCA 
analysis. The energy usage and the environmental assess-
ment were calculated based on a mix of primary energies 
representing the Hungarian primary energy usage (Fig. 1) 
(http://www.inves thipa .hu/image s/hipa_kiadv any_intro 
_green energ y_web_ 2018).

Fig. 3  The fitted curves for boundary fluxes a 3 m3/h, b 6 m3/h, and 
c 12 m3/h

Fig. 4  The energy demand results [W/mol]

Fig. 5  The removal time results [s]

http://www.investhipa.hu/images/hipa_kiadvany_intro_greenenergy_web_
http://www.investhipa.hu/images/hipa_kiadvany_intro_greenenergy_web_
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The most significant contributors in the energy mix are 
the oil and natural gas sectors that are causing most of the 
environmental impact. Two scenarios were defined in our 
LCA study. In the first case, the optimal operating point 
(80 °C and 3 m3/h nitrogen) was used, and the second was 

where the whole amount of VOC (defined as hexene in 
this case) was supposed to be emitted into the atmosphere.

The environmental problems were evaluated by the gate-
to-gate approach and TRACI2.1 methodology. In this case, 
it only took one process in account: the VOC removal. 
TRACI is the abbreviation of Tool for the Reduction and 
Assessment of Chemical and other environmental Impacts 
(Bare 2011). The system was implemented within Open-
LCA software using the openlca_lcia_v2_0_4_20191024 
(Oliva et al. 2018) database. According to the database, 
2000 working hours were defined annually, which resulted 

60 80 100

3 13.94 33.92 53.91

6 27.88 67.83 107.82

9 41.81 101.75 161.73

12 55.75 135.67 215.64

Temperature [°C]

Fl
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-r
at

e 
[m

3 /h
]

Fig. 6  The results of the simulation [kWs]

Fig. 7  Economic optimization plot

Fig. 8  Input data of the RSM model (measured-CFD) and the output 
results of the RSM model (simulated)

Table 2  The identified coefficients and significance levels

Coefficient Outcome1 
(energy 
demand)

Significance 
of outcome 
1

Outcome2 
(removal 
time)

Significance 
of outcome 2

a 2.4E+02 2.2E−06 6.9E +01 2.0E−07
b 8.3E+01 6.7E−06 − 3.1E+01 2.9E−07
c 1.5E+02 1.1E−06 5.0E−01 4.8E−02
d 4.1E+00 1.4E−01 8.2E+00 7.8E−05
e 5.1E+01 4.9E−05 − 5.4E−02 7.9E−01
f 1.1E+01 1.7E−02 1.9E−04 1.0E+00
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in approximately 4000 kg of purified plastic granulates. 
The amount of hexene emitted was calculated based on the 
amount of hexene left on the surface of the granulates. The 
treatment of waste nitrogen was not taken in consideration 
in this work. It can be purified using specific distillation 
processes. The LCA analysis provides the environmental 
optimum, which is always against the economic optimum. 
The best solution for a working system can be determined 

Table 3  The results of scenarios (a) reference case with hexene emis-
sion (b) the case with VOC removal (optimal point)

(a)

Input Output

PP + VOC Drying PP
4000 kg 3906 kg

Hexene
94 kg

(b)

Input Output

PP + VOC Purification 
column

PP
4000 kg 3906 kg
Thermal energy Waste nitrogen
67833 W 6000 m3

Power
51994 W
Nitrogen
6000 m3

Fig. 9  The fossil fuel depletion map for the system
Fig. 10  The optimal operating intervals from both economical and 
environmental point of views

by using an objective function that provides an optimum 
from both the economic and environmental points of view.

Results and discussion

This section shows the results of CFD modeling and the 
RSM. The detailed modeling of the purification column is 
performed using CFD modeling and RSM methodology. We 
defined the exact 3D geometry of the particles in the upper 
part of the column. Figure 2a shows the applied geometry.

When a multi-particle system is simulated, we have to 
compromise between the maximum feasible number of mesh 
element and the adequacy of the model. A mesh independ-
ence study was performed for the actual geometry, in which 
three different mesh sizes were applied. The balance error 
was calculated by the relative difference between the outlet 
and the inlet flow rates (Fout-Fin)/Fin. Figure 2b shows the 
results of the mesh independence study, and Fig. 2c shows 
the resolution of the chosen (finest) mesh. The balance 
error is low enough for the second type of model (~600 k 
number). However, the mesh resolution in the particulate 
system is critical, and the mesh with the highest number of 
elements (around 4 million) resulted in a feasible runtime 
(~40 h in an Intel Xeon E5620 computer with 72 GB RAM); 
therefore, it was chosen for the detailed simulation study. 
Figure 3 shows the boundary fluxes at three different flow 
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rates: (a) 3 m3/h, (b) 6 m3/h, and (c) 12 m3/h). Higher tem-
perature leads to higher initial flux and a lower purification 
time as expected. The simulated values are represented by 
the markers, while the fitted curves are plotted as solid lines. 
An excellent agreement was obtained between the measure-
ment and simulation. The resulted curves were implemented 
in the larger-scale model as boundary fluxes. As shown in 
Figs. 4 and 5, the optimization was performed using the 
RSM method.

The energy demand increases with the temperature and 
the flow rate (as it was expected), and the optimal value is 
found at the lowest values of factors. Aspen Plus v11 soft-
ware was used for the calculation of energy demand using 
the compressor and heater models; the construction is rep-
resented in Fig. 6. Sensitivity analysis was applied to cal-
culate the heat and compression demand. The higher tem-
perature and flow rate will lead to higher power demand, 
and thus, a higher economic cost.

The removal time decreases significantly by increas-
ing the temperature and slightly decreases with the flow 
rate; therefore, it appears to be more like an operational 
parameter.

The value of the removal time should be based on the 
technology that we have built for the elimination of VOC.

If the two factors are normalized and averaged, it 
results in Fig. 7, where the lowest values of removal time 
are shown at the lowest flow rates and higher tempera-
tures. The operations with low environmental impact and 
removal time can be accomplished at this range of flow 
rate and temperature. Figure 8 shows the comparison of 
the input data of the RSM model (measured-CFD) and the 
output results of the RSM model (simulated). As displayed 
here, an excellent agreement was found between the two 
data sets.

Table 2 shows the identified coefficients and the signifi-
cance of outcomes (based on probability (p) values). The 
lower the significance value is, the higher impact it has 
on the outcome. In the case of temperature, the interac-
tion term (e) has the highest significance level, while all 
the terms containing F (flow rate) are nonsignificant. The 
lowest temperature value appears to be the economically 
optimal value. The notation of the coefficients is the same 
as in Eq 1.

Results of the LCA study

Table 3 shows the inventory calculation of two scenarios, 
the reference case and the case with purification, where 
polypropylene is denoted by PP. The two cases resulted 
in two different types of environmental impacts. Case (a), 
emitting all of the VOC into the atmosphere resulted in 
0.0153 CTUe level of ecotoxicity and contributed to the 
smog formation with a 516.28 kg  O3 equivalent. This case 
shows the unlikely scenario, where all the plastic granu-
lates are left on open air to eliminate all the unnecessary 
hexene.

The VOC removal case (b) resulted in no environmental 
harm, except for fossil fuel depletion. Using the impact 
factors deriving from the database, we have created a fos-
sil fuel depletion map for the process, which is shown in 
Fig. 9.

As the figure demonstrates, the minimal environmen-
tal impact can be observed in the lower parts of the graph. 
Although it conflicts with economic objectives, we found 
that the best operating point of the technology from the envi-
ronmental point of view is the lower flow rate, and regard-
ing temperature below 80 °C. In the last part of our study, 
we took both the economic (Fig. 7) and the environmental 
(Fig. 9) objectives into consideration. The results are shown 
in Fig. 10. Based on that, we can conclude that respecting 
the two objectives, the optimal operation interval is at the 
medium temperature and lower nitrogen flow rate.

Conclusion

In this study, a detailed investigation of a VOC removal 
process was simulated using CFD simulation. A tempera-
ture-dependent kinetic was applied, which is close to the 
real industrial kinetics. The boundary fluxes calculated 
at the boundaries of the particles using the particle size 
model were transferred to the laboratory-scale model. 
RSM methodology was applied for the two-factor opti-
mization of the system, using temperature and purge gas 
flow rate as factors. The two considered outcomes were 
the energy demand and removal time. The energy demand 
escalates with increase in the flow rate and the tempera-
ture. However, those two factors have a positive effect on 
the removal time as well. The RSM model concluded an 
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economically optimal point, which was found in the range 
of lower flow rate and higher temperatures (from 80 °C).

A simplified LCA analysis was also performed com-
paring a reference case with the full emission and a puri-
fication scenario. OpenLCA was applied, and TRACI2.1 
impact assessment was accomplished. The LCA resulted 
in an environmental optimum at temperatures below 80 
°C, and low flow rates.

Based on the environmental and economic optimiza-
tion, the main conclusion of this study is that the optimal 
map concerns both the environmental and economic fac-
tors. Considering the colliding factors, an environmentally 
and economically feasible operating point was found at 80 
°C of temperature and 3 m3/h of flow rate.
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