Journal of Environmental Chemical Engineering 8 (2020) 103540

Contents lists available at ScienceDirect

Journal of Environmental Chemical Engineering

journal homepage: www.elsevier.com/locate/jece

Check for
updates

Development and application in Aspen Plus of a process simulation model
for the anaerobic digestion of vinasses in UASB reactors: Hydrodynamics
and biochemical reactions

a,b,x,

Junior Lorenzo-Llanes !, Jhosané Pagés-Diaz®, Efstratios Kalogiroud, Francesco Contino®

& Mechanical Engineering Department, Vrije Universiteit Brussel, Pleinlaan 2, 1050, Brussels, Belgium

Y Departamento de Ingenieria Quimica. Facultad de Ingenieria Quimica. Universidad Tecnoldgica de La Habana José Antonio Echeverria, Cujae. Calle 114, # 11901, La
Habana, Cuba

¢ Departamento de Ingenieria Quimica. Laboratorio de Biotecnologia Ambiental (LABIOTAM), Facultad de Ingenieria, Universidad de Santiago de Chile, USACH, Casilla
40, Correo 33, Santiago, Chile

d Waste-to-Energy International Expert, 15780 Athens, Greece

ARTICLE INFO ABSTRACT

UASB reactors are accepted as a suitable technology for biogas production from the anaerobic digestion of
vinasse. To describe correctly the behavior of this type of reactors the hydrodynamics as well as the biochemical
processes inside the reactor should be considered simultaneously. This represents a complex task during ex-
periments or in full-scale operation. Yet, the better understanding and description of UASB reactors operation
would be greatly improved thanks to process simulation tools, saving time and money. In this regard, the aim of
this study was to develop a novel simulation model in Aspen Plus® for UASB reactors treating vinasses. The
model integrated ADM1- Flow pattern — Biofilms characteristics and the sulfate reduction process. Simulation
results from laboratory, pilot and industrial scales showed differences lower than = 15% respect to the real data.
Based on the sulfate reduction process an increment in biogas production of 14% for a SO, /COD ratio of 0.05
was obtained. In agreement with experimental data, the model predicted a reduction of 5% in methane yield and
the reactor failure for SO4*/COD ratio from 0.07 to 0.1 and higher than 0.1 respectively. Sensitivity analysis
based on granule size showed an increment of 16% in biogas generation when the granule diameter was reduced
from 4 mm to 1 mm. The hydrodynamic parameters (i.e. Peclet number, dispersion coefficient) evaluated by the
model, demonstrated the existence of a non-ideal flow in the reactor.
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1. Introduction

Nowadays, the growing development in science and technology has
driven a faster advance in the process industries. In this context, the
increase in raw materials and energy consumption as well as pollutants
generation is a challenge that must be faced not only by researchers but
also by policy makers. One way to mitigate this situation is the ex-
ploitation of energy sources that are environmentally friendly like re-
newables (e.g., biogas production from organic wastes) [1]. Anaerobic
digestion (AD) is one of the main renewable technologies which is
based on the biological treatment of organic wastes in the absence of
oxygen [2]. AD is a well- established process for treatment and re-
cycling of biodegradable residues [3] at the time that an energy-rich gas
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(biogas) is produced. This biogas can be used for several purposes such
as cooking, heating, vehicle fuel (if upgraded) and electricity produc-
tion. In Cuba, only 4% of the total electricity generated is based on
renewable sources [4], mainly from the sugar — ethanol industry
(~3.35%) due to bagasse combustion, remaining several other wastes
streams and technologies still unexploited. The Cuban government has
the commitment to promote policies that allow increasing the con-
tribution of the sugar — ethanol industry in the energy matrix through
the expansion of renewable energy sources [5].

One of the waste streams still unexploited in Cuba is vinasse.
Vinasse, is an acid liquid waste (pH between 3-5) resulting from the
distillation of ethanol whether from sugarcane juice or molasses. It is
characterized by its high organic matter concentration (30-95 kgcop/
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Nomenclature

Abbreviations

ADM1  Anaerobic Digestion Model No. 1
COD Chemical oxygen demand

UASB Up-flow anaerobic sludge blanket
AD Anaerobic digestion

HRT Hydraulic retention time

PSM Process simulation model

SRB Sulfate reduction bacteria

MPB Methane production bacteria

VSS Volatile suspended solids
Variables

Pe Peclet number (dimensionless)

d Dispersion number (dimensionless)
u Up-flow velocity (m/h)

H Reactor height (m)

R Granule radius (m)

Z Axial coordinate (m)

Dm Dispersion coefficient (m?/h)

Inus Ammonia inhibition function (dimensionless)

Lu pH inhibition function (dimensionless)

T2 Hydrogen inhibition function (dimensionless)

PHLL Lower pH limit for pH inhibition (dimensionless)
pHuL Upper pH limits for pH inhibition (dimensionless)
Kg Reaction rate in the granule (1/d)

km Mass transfer coefficient of substrate (m/h)

Da Diffusivity coefficient in the granules (m?/h)

k Reaction rate in the bulk liquid (1/d)

Y Yield of biomass on the substrate (kgyss / kgcop_si)
Ks Half saturation value (10 kgcop/m®)

Ksoa Half saturation value for sulfates (10~ kmol/m®)

K; Inhibition coefficient by undissociated H,S (10 kmol/m?)

Greek letters

bp Volume fraction occupied by the granules in the reactor
(%)

Pp Density of the granules (kg/m?)

Hmax Maximum specific growth rate of microorganisms (1/d)

m?) [6,7] and sulfate content (1.5-3.46 kgSO,%/m>) [7,8]. In Cuba,
more than 60% of the produced vinasse is directly applied on the su-
garcane fields [9], which in long term has proved to have a negative
impacts for the soil due to salinization [10,11]. The high organic con-
tent of vinasses makes it a suitable substrate for AD. During the AD of
vinasses a significant fraction of the influent COD is converted into
biogas, while the recovered digestate can be used as fertilizer for mi-
neral replacing in the sugarcane fields. Hence, AD has been widely
accepted as a promising and feasible treatment for vinasses [2,12].

A typical Cuban distillery can produce 50 M hanol daily and gen-
erates up to 15m3j e/ Mipanol [9]. Assuming a biogas yield of
10 m%iogas/mginasse [13] with a low heating value (based on 60%-65%
of methane) of ~22 MJ/ngiOgas [14] it is possible to produce
~16 GW h per year in one distillery. Currently, there are 16 distilleries
operating in Cuba, which makes a theoretical estimation of 256 GW h
per year. This value represents 37% of the energy produced in 2016 in
the sugar — ethanol sector by bagasse combustion.

The production of biogas by anaerobic degradation is a very com-
plex microbiological process that involves several types of biochemical
reactions and depends on several operational factors, such as tem-
perature, organic loading rate, feeding procedure, mixing, retention
time, type of substrates, pH, reactor configuration, etc. Laboratory ex-
periments are important references for validation, yet they incur long
time delays in the design phase and for decision makers to push towards
the final large scale application [15]. However, these issues can be
improved by the benefits of using process simulation. In fact, the de-
velopment of process analysis tools can help to carry out predictions
and optimization in less time and less cost than in laboratory or full
scale [16,17].

For the study of AD, Anaerobic Digestion Model No. 1 (ADM1) is
widely applied and it is considered the most comprehensive model for
AD description [18]. The model includes a reaction system, which is
divided into: (i) biochemical reactions and (ii) physico — chemical re-
actions (i.e., equilibrium and gas - liquid transfer) and takes into ac-
count different types of inhibitions. Regarding the reactor configura-
tion, the model was first applied to a continuous stirred tank reactor
(CSTR) in steady — state, which is the simplest flow pattern for reactors
modeling [14,18].

Nevertheless, the AD of vinasses is usually carried out in up-flow
anaerobic sludge blanket (UASB) reactors [12], where the flow pattern
does not follow a perfect mixing [19-21]. In UASB reactors (biofilm

reactors) substrate conversion depends on the mass of biofilm and its
growth as well as the substrate concentration in the bulk liquid [22]. In
high-strength sulfate-rich wastewaters, like Cuban vinasses, sulfate re-
ducing bacteria can growth and produce considerable amounts of H,S
[2]. The presence of H,S in the biogas can cause operational problems
(e.g. corrosion, SOy pollution) when it is used as fuel. In this regard, the
application of AD models to UASB reactors treating vinasse must in-
clude sulfate reduction process in order to estimate H,S formation [2].
In this way, it is possible to determine whether- or not- biogas meets the
quality standards for further technological applications. Previous works
have extended the ADM1 model by considering sulfate reduction during
the AD of Cuban vinasses in UASB reactors [2,23].

The condition of biomass granules in suspension into the liquid
phase depends on the flow pattern inside the reactor. Thus, the task of
modeling UASB reactors should be decoupled in two parts: the flow
model and the reactions model [19,24,25]. The hydrodynamics beha-
vior of UASB reactors has been widely studied in the literature
[20,24,26,27]. Some papers refer to describe the flow pattern as a
disperse model [21,28,29] while others refer to a combination of
multiple CSTRs [27]. However, very little attention has been dedicated
to consider, simultaneously, the behavior of UASB reactor using an
ADM1 - based dispersed model and the biofilm development
[19,29,30].

Based on the generalized approach of ADM1 it is possible to extend
some of its features to biofilms reactors with non-ideal flow pattern. For
this, the physico — chemical processes as well as ADM1 kinetic rates
should be integrated in the biofilm reaction model including transport
and mass transfer. In a study performed by Chen et al. [19] an in-
tegrated ADM1 - based dispersed model was developed for UASB re-
actor considering the flow pattern and the bio — kinetics by mathema-
tical consideration using MATLAB. Odriozola et al. [30] developed a
more general model for a UASB reactor which simultaneously con-
sidered the reactor performance and the biofilm growth. The model
coupled the ADM1 model and the hydrodynamic pattern inside the
reactor.

Aspen Engineering® is one of the most powerful frameworks for
process simulation, design, optimization, sensitivity and economic
analyses that allows great flexibility compared with other process si-
mulator. Despite these advantages, the development of process simu-
lation models for the AD in Aspen environment is still little studied
[16,17,31]. For example, Rajendran et al. [16] and Al-Rubaye et al.
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[17] developed a process simulation model using Aspen Plus by con-
sidering the model in two-stage. The hydrolysis stage was first simu-
lated considering a stoichiometric reactor in which conversion was
assumed according to each substrate while the other phases (i.e.,
acidogenesis, acetogenesis and methanogenesis) were conducted in
CSTR model for kinetic rate calculations. Based on Buswell equation
Nguyen et al. [32] developed a simple model for the AD stage by using a
stoichiometric reactor. The resulting biogas stream was introduced in a
power cycle to estimate the energy potential. In none of the previous
models sulfate reduction reactions for sulfate-rich liquid wastewater
were considered.

In this regard, the present study aims to develop a process simula-
tion model using Aspen Plus for the AD of vinasses in UASB reactor by
integrating ADM1- Flow pattern — Biofilms characteristics with the
inclusion of sulfate reduction reactions. At the best of our knowledge,
the integration of ADM1 - Flow pattern- Biofilms features for the si-
mulation of the AD of vinasses using Aspen Plus has not yet been re-
ported. This will be a useful tool for the correct design and optimization
of AD in the context of the sugarcane industry. This paper first in-
troduces in more detail the most common methods for modeling and
simulation of AD. Later the methodology followed to obtain an in-
tegrated UASB simulation model for vinasse treatment is presented and
finally, the obtained results are discussed.

2. Model description
2.1. UASB flow model

As was mentioned above, all the process simulation models devel-
oped so far in Aspen Plus for AD have considered completely mixed
flow pattern (CSTR) [16,17,33]. However, vinasse is usually treated in
UASB reactors instead of CSTR [7], being necessary to include the hy-
draulic features of these reactors in the model. In this section, the im-
plementation of the flow model in Aspen Plus® v9.0 for an UASB reactor
is presented.

There are different approaches to consider flow pattern in UASB
reactors. A general approach is considering ideal flow pattern (i.e., plug
flow, CSTR) for each reactor zone [25]. On the other hand, the hy-
draulic performance of UASB reactors could be considered as inter-
mediate between these two ideal patterns [20]. When the degree of
mixing is between the ideal patterns of plug flow and perfect mixed, a
dispersed flow is obtained in the reactor. Most of the reactors operate at
dispersed flow conditions [34]. Moreover, several authors have applied
dispersion models to describe UASB hydraulic performance [19,21,31].

In the present process simulation model, only the sludge bed and the
blanket are considered, being the model composed by two compart-
ments in series. The first one (i.e., sludge bed) is assumed as a CSTR
[35] meanwhile in the second compartment (i.e., blanket) an axial
dispersion model is considered for soluble components [19]. The im-
plementation of the axial dispersion in Aspen Plus was carried out via a
FORTRAN subroutine. For this, the Peclet number was the parameter
took into account for the evaluation of the hydrodynamic behavior in
the blanket zone. The Peclet number was calculated according to Eq.

1):
u*H
D, (€]

Pe =

where Pe is the Peclet number (dimensionless), u is the up-flow velocity
(m/h), H the reactor height (m) and D,, is the dispersion coefficient
(m?/h).

The value of D, is determined from Eq. (2) as a function of the axial
coordinate to height ratio as well as the up-flow velocity (u) [26].

D,, = 1.03u11%0.0097 [®)

where z is the axial coordinate (m), the rest of the variables are the
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same as in Eq. (1).

2.2. UASB biochemical reaction model

As mentioned in Section 2.1, the reaction model considers two well-
defined zones: the sludge bed and the blanket. Sludge bed in the UASB
reactor is composed of anaerobic granules while the blanket consists
only of soluble compounds. For the blanket zone only the methanogenic
step was considered. Reactions in this case were assumed as those
previously proposed by Rajendran et al. [16] in their process simulation
model (PSM). For the sludge bed, like in the PSM, the hydrolysis step
was set as a system of 13 stoichiometric reactions based on conversion
rates. The kinetic constants of the reactions in the next steps of the AD
(i.e., acidogenesis, acetogenesis and methanogenesis) were obtained
from previous studies [3,18]. The reaction kinetics were calculated in
different calculator blocks using FORTRAN subroutines for each step.
The stoichiometric reactions in each step could be consulted in [16].

The inhibition effect (i.e., ammonia inhibition (In3), pH inhibition
(Ipr) and hydrogen inhibition (I2)) was considered in each calculator
block where the inhibitions constants were taken from Angelidaki et al.
[3]. Low pH inhibition (pH;;) was considered for the acidogenic and
acetogenic phases meanwhile low and high pH inhibition (pHy;) was
considered for the methanogenic step. Values for pHy; and pHy, were
set to 6 and 8.5 respectively [3].

The stoichiometry for sulfate reduction bacteria (SRB) reactions
included in the model are shown in Egs. (3-5). Values for kinetic rates
calculations as well as inhibition effects were taken from Barrera et al.
[2].The reaction rates for Egs. (3-5) were determined by a FORTRAN
subroutine in a calculator block. Table 1 shows the kinetic parameters
considered in the sulfate reduction calculator.

- Propionate SRB (p-SRB)

C,HsCOOH + 0.75 H,S0, — CH3;COOH + CO,+H,0 + 0.75 HoS  (3)
- Acetate SRB (a-SRB)

CH3COOH + H,SO4 — 2CO; + 2H,0 + H,S (©)]
- Hydrogenotrophic SRB (h-SRB)

4H, + H,S04 — H,S + 4H,0 ()

In the sludge bed several assumptions and simplifications were
made for the proposed model: (i) granules are perfect spherical shells
with a constant radius (R); (ii) degradation of substrate was described
by Monod kinetics; (iii) the granule bed was described as a CSTR
(substrate concentration in the liquid volume of the bed is constant);
(iv) the UASB reactor was operated at steady state conditions
[22,24,25].

The reaction rates in the granules are different (lower) from those
calculated from the PSM, in which granules were not considered. In the

Table 1
Kinetic parameters considered in the sulfate reduction calculators.

Kinetic parameters Sulfate reduction reactions *

p-SRB a-SRB h-SRB
Hmax [1/d] 0.290 0.243 0.977
km [kgcop si / kgyss / d] 9.60 4.19 26.7
Ks [10° kgcop /m®] 15.0 25.0 0.100
Ksos [10° kmol / m?] 0.190 0.20 0.104
Y [kgyss / kgcop_sil 0.0300 0.0360 0.0366
K; [1072 kmol / m?] 6.80 18.8 7.80

SRB: sulfate reduction bacteria.

p-SRB: propionate SRB.

a-SRB: acetate SRB.

h-SRB: hydrogenotrophic SRB.
@ Barrera et al. [2].
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present model the reaction rates in the granules are calculated for
acidogenic, acetogenic, methanogenic and sulfate reduction steps ac-
cording to Eq. (6) [36]:

Kg = f(km ¥, Da, R, k, p,) 6)
where Kg is the reaction rate in the granules (1/d), k,, is the mass
transfer coefficient of substrate (m/h), @, is the volume fraction oc-
cupied by the granules (%), D, is the diffusivity coefficient in the
granule (m?/h), R is the radius of the granules (m), k is the reaction rate
in the bulk liquid (1/d), p, is the density of the granules (kg/m®).

2.3. Integration of UASB flow and reaction models

The integration of the proposed models presented in sections 2.1
and 2.2 allows evaluating the effect of the hydrodynamic behavior on
the reaction performance. In this study, the solution proposed by
Danckwerts [37] (Egs. (7)—(9)) in terms of the non-dimensional con-
centration (F) as a function of the axial coordinate to height ratio (£)
was applied. Finally, the conversion (X) can be calculated from the
evaluation of (1-F) or directly from Eq. (10). All the terms in Egs. (7-10)
are the same defined in sections 2.1 and 2.2.

u

(14

§

7

4*k*H
u*Fp,

)1/2

®
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Bla-p] _ P

2(1 + B)* exp[ 21 - B)y* exp[

F© = epls )+ ;
1+ pB)* exp(7ﬁ) -1 -p* exp(Tﬁ)

©)
48

X()=1- - .
1+ pg)* exp[_7*(1_ﬁ)] - (1 - p)** exp[_7*(1+ﬁ)]

(10)

2.4. Model implementation

The first step for the model implementation in Aspen Plus® v9.0 is
the definition of the components and the determination of the physical
properties. As presented by Rajendra et al., cellulose, hemicellulose and
dextrose were added as carbohydrates. Proteins were classified as so-
luble and insoluble. Lipids comprised of tripalmate, triolein, and pal-
mito-olein can be entered in the model [16]. Missing properties for
complex compounds were obtained from Wooley and Putsche [38].

The COD of the vinasse stream was obtained by using Aspen
Property Sets (i.e., CODMX). In all cases, the composition of the car-
bohydrates, proteins and lipids was adjusted to fit the values of COD
and density of the reactor feed. The thermodynamic property method
chosen was the Non-Random Two-Liquid (NRTL) as the most re-
commended method for system in liquid phase. This allows the calcu-
lations in gas — liquid systems, like biogas production based on activity
coefficients and mole fractions [33,39].

Fig. 1 shows the flowsheet for the process simulation model of UASB
reactor treating vinasse. For building the simulation flowsheet the re-
actor models from the Model Palette in Aspen are selected. The stoi-
chiometric reactor model (HYDROLYS) was used for the hydrolysis

Flow-Reaction
model
(Danckwerts )

X(g)

[ xe |

54

BLANKET

SLUDGE 2

Kinetic in the
granules
FORTRAN

oL ke |

k

Kinetic in
bulk liquid
FORTRAN

23 CALCULATOR
BLOCKS

o— VINASSE

EFFLUE

=

Fig. 1. Flowsheet of the UASB simulation model.
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stage [16] and the methanogenic reactions in the blanket (BLANKET).
On the other hand, the continuous stirred tank reactor (CSTR) was
employed for the sludge bed simulation (SLUDGE 1 and 2). A FLASH
model for the gas - liquid separation followed by a Splitter to obtain the
dry biogas were used. Operational conditions such as temperature,
stream compositions, pressure, residence time, up-flow velocity, and
granules radius were fixed depending on the case under study (see
Table 2).

In Fig. 1, from the products released in the hydrolysis stage, dif-
ferent calculator blocks are activated depending on the monomers
present in the system. For each calculator block the reaction rates in
bulk liquid (k) are recalculated and exported to each set of reactions
(amino acid degradation, acidogenesis, acetogenesis and methanogen-
esis) [16]. Additionally, a reaction set for sulfate reduction is included
as well. The k values are used for the next group of calculator blocks to
estimate the kinetic rate in the granules (K,). Once the kinetic para-
meters are updated for each set of reactions, this information is used in
both CSTR reactors to calculate the biogas production in the sludge bed.
To improve the convergence of the model, due to the inclusion of sul-
fate reduction in the SLUDGE 1 reactor only amino acid degradation
was considered. The rest of the reaction sets take place in the SLUDGE 2
reactor.

The liquid output from the SLUDGE 2 reactor passes through the
BLANKET reactor where only the reactions of the methanogenesis
phase are considered. In this model, the conversion rate is calculated in
a calculator block Egs. (7-10). A recycle stream (i.e., 20 % w/w of the
liquid effluent) was added to increase the methane yield.

2.5. Model validation

Three case studies were used to validate the model at different
scales: Case 1 at laboratory scale, Case 2 at pilot scale and, Case 3 at
industrial scale (Table 2). In Case 1, vinasse from a Cuban distillery was
used as substrate with an inlet flow rate of 0.72 L/d. All the operational
conditions as well as the inlet composition of vinasse were taken from
Barrera et al. [23,40]. In Case 2, a UASB reactor with an influent flow
rate of 46 L/d was considered. The process conditions and the vinasse
characterization were adopted from Del Nery et al. [41]. For Case 3,
data from a large-scale reactor treating sugarcane vinasse were used.
The feed composition was based on Elaiuy et al. [42]. Table 2 shows the
characterization of the influent stream for each study case and the
operational conditions adopted during the model implementation.

2.6. Statistical analysis

As a first step, the accuracy of the model was tested based on the
mean absolute relative error between the simulation results and the
data from the above cases. Besides, the analysis of the variance (One
factor ANOVA) was used to test for significant differences between the
study cases (i.e., Case 1, Case 2 and Case 3) and the simulation results in
terms of biogas composition, methane yield and, COD removal effi-
ciency using a 95.0% Least Significant Difference (LSD) method [43].
The assessment of the data was made by using the software package
STATPHRAFICS Centurion XV. IL

3. Results and discussion
3.1. Model validation and statistical analysis

Data for the comparison between the model outputs and the oper-
ating parameters in UASB reactors were taken under different condi-
tions (i.e., organic loading rates, sulfate concentration, residence time,
up-flow velocity) and scales. Table 3 shows the biogas composition
obtained after the simulation of UASB reactors at different scales based
on CH4 and CO, content. The highest values of the mean relative error
(MrE) for CH4 and CO, compositions were obtained in Case 2 (Table 3).
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According to these results, the accuracy for biogas composition pre-
dictions are high (MrE < 10%) and medium (10%-30%) respectively
[44]. The ANOVA analysis showed that there were no significant dif-
ferences regarding CH, (p-value = 0.832; pooled standard devia-
tion = 6.33) and CO, content (p-value = 0.691; pooled standard de-
viation = 6.10) between the experimental data (study cases) and the
simulated data

Concerning H,S composition, only Case 1 was considered because of
the data availability for validation. A medium accuracy (14.2%) was
achieved in this case. However, without the inclusion of the sulfate
reduction reaction set, the accuracy of the model for H,S prediction
would be even lower (> 35.0%). The non-consideration of Hy,S for-
mation during the design of a biogas plant based on vinasses as a
substrate can lead to operational problems (e.g., corrosion), increasing
the maintenance costs of the equipment fed by the gas. On the other
hand, the costs of biogas cleaning could be underestimated, since this is
a capital-intensive multistage operation, which can also carry out high
maintenance costs due to media replacements (depending on the
technology) and/or power costs [8].

Regarding to methane yields, the accuracy of the results was high in
Case 1 and 3 (MrE < 10%). For Case 2 a medium accuracy was ob-
tained, however the value is closer to the lowest limit of the interval for
the medium accuracy (10%-30%). No significant differences (p-
value = 0.967; pooled standard deviation = 57.7) were found after the
ANOVA analysis for the methane yield between the experimental data
and the simulated results. The COD removal efficiency showed a mean
relative error less than 5% in all cases with no significant differences
observed respect the experimental data (p-value = 0.944; pooled
standard deviation = 13.1). From the above analyses (i.e., mean re-
lative error and ANOVA) it is concluded the good agreement between
the simulations results and data from UASB reactors. Moreover, the
simulation model could predict biogas production from vinasses at
different scales accurately.

3.2. Sulfate reduction process analysis

Under a substrate-limiting condition, methane production bacteria
(MPB) and sulfate reduction bacteria (SRB) compete for acetate and
hydrogen, determining the amount of methane that could be produced

Table 2
Influent characterization and operational conditions for the model im-
plementation.

Parameters Case 17 Case 2" Case 3¢
Vinasse composition

COD [kg/m®] 65.2 21.6 61.0
Total volatile solids [kg/m>] 47.1 9.34 32.21
Volatile acids [kg/m?] 1.36 2.21 2.36
50,47 [kg/m®] 3.96 1.19 n.a’
Carbohydrates [%] © 86.0 67.0 14.0
Proteins [%]° 13.0 16.0 8.00
Lipids [%]° 0.500 2.00 3.00
pPH 4.83 4.20 4.04
Operational conditions

Temperature [°C] 35.0 35.0 35.0
Pressure [kPa] 101.3 101.3 101.3
Reactor volume [m°] 4.50x10°  0.120 15,000
Hydraulic retention time [d] 4.86 2.40 15.0
Organic loading rate [kg/m>/d] 9.89 10.0 1.99
Up-flow velocity [m/h] 0.100 6.94x10 2 1.00
Granule diameter [10°m] 4.00 4.00 4.00
Fraction of volume occupied by granule [%]  40.0 50.0 80.0

@ Barrera et al. [23].
> Del Nery et al. [41].
¢ Elaiuy et al. [42].

4 No data available.

€ % of total volatile solids.
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Table 3
Results from the simulation model of UASB reactors treating vinasses.

Journal of Environmental Chemical Engineering 8 (2020) 103540

Case study Experimental cases

Simulation cases

Biogas composition! Methane yield® COD removal’ [%]

Biogas composition® [%v/v]

Methane yield®® [NmICH,/ COD removal®® [%]

[%v/v] [NmICH4/§CODremoved] 8COD;emoved]

Case 1? 52.5 %CH,4 336 65.5 53.6 %CH,4 (2.03) 310 (7.83) 63.4 (3.21)
45.9 %CO, 43.1 %CO, (6.45)

Case 2° 65.0 %CH,4 316 90.5 67.7 %CH, (4.12) 351 (11.1) 93.0 (2.76)
35.0 %CO, 30.4 %CO, (13.1)

Case 3¢ 55.0 %CH,4 228 70.5 57.3 %CH, (4.18) 213 (6.58) 67.4 (4.40)
45.0 %CO, 39.8 %CO, (11.6)

“Barrera et al. [23,40].
PDel Nery et al. [41].
“Elaiuy et al. [42].

d,e,f,

yield and COD removal for each case study.

p-Value > 0.05 (95.0% CI) denote no significant difference between the experimental cases and the simulated cases for biogas composition (CH4, CO,), methane

8Values in parenthesis refer to mean relative error between the experimental and the simulated cases in %.
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Reactor failure
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Sulfate [g/d]

Fig. 2. Variation of gas phase under different sulfate loads.

in the process [14]. The pH is one of the factors that affect the result of
the competition between MPB and SRB, ranging between 6.5 and 8.0 in
the liquid phase of anaerobic reactors [14,23]. According to Khanal [8],
variations of pH in the range of 6.0-8.0 could have an important impact
on H,S concentration and consequently in the biogas quality. Simula-
tion results for Case 1 showed that a reduction of pH from 8.0 to 6.5
yielded an increment of H,S production from 368 to 391 mg of H2S per
day (~6.25%), affecting the gas quality. Similar behavior was found by
Omil et al. [45] for a pH reduction from 8.0 to 7.0 in an UASB reactor.

Another factor that affects the gas quality due to the formation of
H,S is the SO,%/COD ratio. Fig. 2 shows the results from a sensitivity
analysis based on changes in H,SO, loads (taken as SO,*) in the in-
fluent stream. During the simulation, the COD values was kept constant,
being the SO,%/COD ratio gradually increased while the rest of the
conditions were the same as in Case 1. According to Fig. 2 the biogas
production was slightly increased (~14%) when the SO,* load reached
~2g/d. This behavior was the same observed by Barrera et al. [40] for
an equal value of SO4%/COD ratio. The same authors obtained, for a
further increase in SO, load, an increment of H,S in the gas phase
(Fig. 2). From Fig. 2 it is also observed that the methane yield is gra-
dually reduced (~5%) for a H,SO, raising from 3g/d to 4.5g/d,
meanwhile biogas production is slightly increased. For a $O,%/COD
ratio of 0.1 Barrera et al. [40] determined a reduction of the methane
yield of 8% indicating the inhibition of methanogens. According to
Fig. 2, the model predicts the failure of the reactor for H,SO, loads
higher than 4.5 g/d. Under these conditions, even though there is no
reduction in the biogas generation, the quality of the gas phase is
drastically degraded because of the low methane yield. However, it

Dispersion coefficient [m?/h]
0.03 r

(A)
0.02 f

0.01

0.00 -

Peclet number [dim]
100 r
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80
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15
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0.0 0.5 1.0 1.5 2.0
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Fig. 3. Effect of the up-flow velocity on the hydrodynamic parameters and the
biogas production.
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could be possible a successful operation under high sulfate concentra-
tion if the SO,%/COD ratio is lower than 0.1 due to high COD values
[46].

3.3. Effect of granule size on biogas production

The performance of UASB reactors is sensitive to the granule size in
the sludge bed as it depends of two main factors: the settling velocity
and the mass-transfer limitations of the granules. Settling velocity is
especially important when dealing with up-flow velocities higher than
1.75m/h under peak flow conditions avoiding washout [47]. The
granule size may rise the resistance to substrate diffusion inside the
granule becoming the rate-limiting step and reducing the biochemical
activity [24,48,49]. The estimation of the biogas production in the
implemented model is a function of the granule size. Granule sizes in
the range of 4 mm to 1 mm of diameter were considered for Case 1. The
results showed that the lower the granule size the greater the biogas
production. The best condition was obtained for 1 mm of diameter,
which yielded ~14.5 Lyjogas/d. According to Eq. (6), a decrease in
granule size raises the reaction rate inside the granules (Kg), promoting
the substrate conversion as well as the biogas production. From a
physical point of view, an increment in granule size leads to a reduction
in the surface-to-volume ratio, becoming the inlet and outlet of sub-
strate and products respectively the limiting step for the substrate re-
moval [50]. On the other hand, if the granule bed volume remains
unchanged, it is possible to increase the surface-to-volume ratio for
smaller granules. The result is an increment of the substrate flux into
the granules as well as in the substrate uptake, yielding an increase of
the biogas production. Particularly for Case 1, the reduction of granule
size from 4mm to 1 mm yielded an increment in biogas production
equal to 16% compared with the base conditions. Comparison between
the sensitivity analysis and the experimental results showed the accu-
racy of the integrated model, being in agreement with the experimental
behavior reported for the sludge bed by several authors [24,32,48,51].

It should be mentioned that controversies about the effect of granule
size on the biogas production were found in the literature. According to
Wu et al. [49], there is a positive relationship between the granule size
and the biogas production, determined by the internal structure of the
granules (i.e. pore size, porosity factor). On the other hand, Bhunia and
Ghangrekar [47] found out a direct proportional relationship between
the specific methanogenic activity and the granule size. This study
covered a diameter range from 0.270 mm to 3.03 mm. However, the
authors declared a possible inhibition beyond 3.03 mm because of dif-
fusional resistance inside the granules, as predicted by the proposed
process simulation model.

3.4. Hydrodynamic behavior

The hydrodynamic performance in the model was evaluated
through Egs. (1-2). Fig. 3a-b shows the results for Case 1 regarding the
influence of the up-flow velocity on the dispersion coefficient and the
Peclet number respectively. Values for D,, in the range of 0.008 m?/h —
0.012 m?/h have been obtained during the hydrodynamic modeling of
UASB reactor under similar conditions from those of Case 1 [19]. These
values correspond to those predicted for the implemented process si-
mulation model in the range of 0.5-1.5m/h for the up-flow velocity.
Regarding the Peclet number, an increment in the up-flow velocity by a
factor of 5 respect to Case 1 leads to a reduction of Pe of about 15%
(Fig. 3b). The reduction in Peincreases the dispersion number d (d = Pe
1). For the range of Pe the corresponding d values are between 0.010
and 0.014 (Fig. 3b). According to Plascencia-Jatomea et al. [52], for
0 < d < 1 the mixing pattern in the reactor corresponds to non-ideal
(dispersed flow). The small values of the dispersion number obtained by
the process simulation model are in agreement with the lab-scale,
where very small diameter/height ratio are found [53].

Changes in the hydrodynamic behavior could have a direct impact
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on the biogas production. According to Fig. 3c, a slightly decrease in the
biogas production was obtained when up-flow velocity was increased.
This is consistent with the experimental performance of UASB reactors,
in which at higher velocities there is an approach to the washout point,
consequently, there is a loss of biomass and a drop in biogas generation
[54].

The up-flow velocity is directly related to the HRT and plays an
important role in entrapping suspended solids. A decrease of this
parameter promotes an increase in the HRT, yielding a higher con-
centration of biomass in the system and improving the removal effi-
ciency of the system. However, it should be mentioned that the process
simulation model implemented in the present work is not very sensi-
tivity to variations in the up-flow velocity. For Case 1, the reduction in
biogas production was only of ~3.5% when the up-flow velocity was
increased up to 2m/h, which can be considered as negligible.
According to Gonzalez-Gil et al. [48], the up-flow velocity does not
have a strong influence on the substrate conversion rate of the anae-
robic granules for values higher than 1 m/h. This is supported by ex-
perimental studies where the external mass-transport resistance is
normally not rate-limiting for granular sludge [48].

The effect of the up-flow velocity — HRT are linked to other para-
meters such as reactor design, operating conditions and range of HRT,
making necessary a careful evaluation of each specific case [55].

4. Conclusions

An integrated process simulation model for UASB reactors was im-
plemented in Aspen Plus®. A mean relative error lower than + 15%
with no significant differences between the experimental data and the
simulation results (i.e., biogas composition, methane yield and COD
removal) was obtained. The model predicted the failure of the reactor
at lab-scale for a SO,%/COD higher than 0.1 in agreement with the
experimental results. Granule size appeared to have an important in-
fluence on biogas production in the UASB reactor. Simulation results
showed an increase of 16% of biogas production when granule diameter
was reduced from 4.00 mm to 1.00 mm at Case 1 conditions. The hy-
drodynamic study showed a negligible effect of the up-flow velocity on
the substrate conversion. The integrated process simulation model
could be used for predicting UASB performance during vinasses treat-
ment.
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