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bstract

The objective of this paper is to develop anaerobic digestion models that integrate features from the kinetics of the process with those from flow
or hydraulic) behavior in modern anaerobic digesters. First, a detailed kinetic model based on the one described in Kalyuzhnyi [S.V. Kalyuzhnyi,
atch anaerobic digestion of glucose and its mathematical modeling. II. Description, verification and application of model, Bioresour. Technol.
9 (1997) 249–258] was modified to account the production of endogenous residue. The two digesters studied in this work are the UASB (upflow
naerobic sludge blanket) and the EGSB (expanded granular sludge bed) reactors. The flow models for those digesters have to take into account
he different flow behaviors for the effluent and the sludge. The flow model for the UASB reactor was based on that of Bolle et al. [W.L. Bolle, J.
an Breugel, G.C. van Eybergen, N.W.F. Kossen, W. van Gils, Kinetics of anaerobic purification of industrial wastewater, Biotechnol. Bioeng. 28
1986) 542–548], which was generalized in this work to take into account the volume variations of the reactor sections in non-steady state. The
odel for the EGSB reactor was developed from the experimental results described in Brito and Melo [A.G. Brito, L.F. Melo, A simplified analysis

f reaction and mass transfer in UASB and EGSB reactors, Environ. Technol. 18 (1997) 35–44]. With the kinetic and flow models, integrated

odels for anaerobic digestion in selected modern anaerobic digesters are developed and validated, and many simulations of these models under

ifferent scenarios are described. In particular, the anaerobic digestion in an UASB reactor simulation shows that the volume variations of the
ections of this reactor proposed in this work are necessary to accurately describe the behavior of such digester in non-steady state.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Nowadays, there is a growing necessity for industrial wastew-
ter treatment. Many of the industrial effluents contain aggres-
ive substances to the environment such as organic material,
eavy metals and even pathogenic agents, which cannot be
ischarged directly into bodies of water. Hence, the need for
ndustries to have in their facilities wastewater treatment plants
hat at least be able to provide primary (removal of the mate-
ial in suspension in the wastewater) and secondary treatment
removal of the soluble organic material in the wastewater).

In the 1970s two factors favored the use of anaerobic digesters
n wastewater treatment: the sharp rise of petroleum prices

nd the development of UASB (upflow anaerobic sludge blan-
et) reactors. In many industrial sites, there is no need for
ertiary treatment of the wastewater, which aims the removal
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f nitrogen and phosphorus from it, and therefore, anaerobic
igesters can be used for secondary treatment. In the 1990s,
ther digesters evolved from the UASB reactor, among them the
GSB (expanded granular sludge bed) reactor.

For a better understanding of the underlying phenomena in
naerobic digestion, a mathematical model is required. Among
any important applications, it would predict which compounds

re produced or consumed and their corresponding rates. The
athematical model for the anaerobic digestion is composed of

everal systems. Firstly, there are the mass balances that account
or the streams entering and leaving the anaerobic digesters.

oreover, there is the flow (or hydraulic) model for the selected
igester (e.g., UASB or EGSB reactor). Finally, there is the
inetic model, which defines the reactions rates, and the stoi-
hiometric model, and both are intrinsically inter-connected.

The stoichiometric model of the anaerobic digestion sets

he basis for the kinetic model to be used in the modeling of
he anaerobic digester. Stoichiometry defines which substances
re present in the process of anaerobic digestion and the ratios
mong those substances. In a biochemical process, stoichiom-
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The EGSB reactor can be considered an evolution of the
UASB reactor, since it solves some of the problems found in
the UASB. Inside the EGSB reactor, the higher upflow veloc-
ities, which are caused by a high recycle rate and a high
Fig. 1. Schematic represe

try also involves the presence of bacteria that decompose the
rganic contaminants through metabolic reactions, which are
ivided into anabolic and catabolic. The anabolic reactions refer
o the growth of the bacterial population present in the process
hrough the consumption of the substances (substrates) con-
ained in the effluent stream. Catabolic reactions are the ones
n which the consumption of a substrate by the bacteria produce
nother substrate. Some of the bacteria involved in anaero-
ic digestion perish and part of that decay creates endogenous
esidue that may have to be taken into account in the kinetic and
ow models.

The kinetic model determines how fast those reactions occur,
hich are expressed by bacterial growth rates (for the anabolism)

nd reaction rates for the substrates (for the catabolism). For
naerobic digestion, the first stoichiometric and kinetic models
ere quite simple, as the one presented by Bolle et al. [1], but in

he last 10 years many more detailed mechanisms were devel-
ped, such as those from Costello et al. [2], Sam-Soon et al. [3],
alyuzhnyi [4] and Batstone et al. [5]. Those models involve
any types of bacterial populations and substrates.
The type of anaerobic digester used determines the flow

odel. Anaerobic digesters have three distinct phases that are
he effluent, the sludge and the biogas produced (Figs. 1 and 2).
he sludge is defined as the agglomeration of all bacterial popu-

ation present in the reactor, and in many digesters the sludge has
different flow behavior from the effluent. In the sludge, there

s also the presence of endogenous residue originated from bac-
erial decay. The following relation defines the sludge age (θc):

c = sludge mass in the digester

sludge discharge rate

he biogas is mainly composed of methane, carbon dioxide and
races of hydrogen, and is separated from the effluent inside the
igester.

The first anaerobic digesters were designed so that the

ydraulic retention time (θh) was identical to the sludge age.
he hydraulic retention time is defined as follows:

h = digester volume

effluent flow rate
n of the UASB digester.

n the most recent anaerobic digesters, the sludge age is larger
han the hydraulic retention time.

c ≥ θh (1)

he advantage of using these most recent digesters is that their
olumes are considerably smaller than the ones of a digester
hose sludge age is identical to the hydraulic retention time,

ince the former can hold up a larger sludge mass with a relatively
ow sludge discharge rate, unlike the latter. The UASB and EGSB
eactors are examples of these modern digesters and the focus
f this paper.

The UASB reactor is a digester with three internal sections:
ed, blanket and settler. The effluent enters the reactor from the
ottom where the bed is located and the sludge concentration
eaches its maximum value. In the blanket, the sludge concen-
ration is smaller than the one found in the bed. The settler section
s where the three phases are separated, and the retained sludge
ettles back to the blanket.
Fig. 2. Schematic representation of the EGSB digester.
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Table 1
Stoichiometric models for anaerobic digestion

Reference Bacterial
population

Stoichiometry

[1] MA CH3COOH → CH4 + CO2

[4]

F C6H12O6 + 0.02H2O → 0.34C2H5OH +
0.39C3H7COOH + 1.31CH3COOH + 1.14CO2 +
0.82H2

C6H12O6 + 1.2NH3 → 1.2C5H9O3N + 2.4H2O
AE C2H5OH + H2O → CH3COOH + 2H2

C2H5OH + 0.2H2O + 0.4NH3 → 0.4C5H9O3N +
2H2

AB C3H7COOH + 2H2O → 2CH3COOH + 2H2

C3H7COOH + 0.4H2O + 0.8NH3 → 0.4C5H9O3N +
2H2

MA CH3COOH → CH4 + CO2

T
X
Y
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µ
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eight/diameter ratio, cause the sludge to expand through the
hole reactor thus improving its contact with the effluent. More-
ver, the high height/diameter ratio eliminates most of the dead
olume inside the reactor.

Despite the recent advances in modeling the operation and
esign of anaerobic digesters, most works concentrate on spe-
ific aspects of the problem, such as kinetics or hydraulics.
herefore, this paper’s objective is to develop a comprehensive
athematical model for anaerobic digesters that accounts for

he set of biochemical reactions known as anaerobic digestion
s well as the flow distribution in these selected reactors.

In Section 2, the kinetic models are presented and described
n detail. A description of the flow models, which encompasses
he kinetic model, selected for the anaerobic digesters (UASB
nd EGSB reactors) is made in Section 3. The validation of
ll models is presented in Section 4, and the conclusions are
resented in Section 5.

. Kinetic models

The kinetic models used in the current work rely on the ones
eveloped by Bolle et al. [1] and Kalyuzhnyi [4]. The first one
s mainly used to validate the flow model for the UASB reactor
resented by Bolle et al. [6]. The detailed kinetic model that is
sed on the simulation of the anaerobic digesters in the present
aper is based on that of Kalyuzhnyi [4].

The present kinetic models contain the following subscripts:

(bacteria types)
B butyric acid user acetogens
E ethanol user acetogens

fermentors
endogenous residue

A acetoclastic methanogens
H hydrogetrophic methanogens

(substrates and inhibitors)
A acetic acid

butyric acid
H4 methane
O2 carbon dioxide

ethanol
glucose
hydrogen

nd the following variables and parameters:

i growth rate for bacterium i (h−1)
mi maximum growth rate for bacterium i (h−1)
i decay rate for bacterium i (h−1)
j half-speed constant for substrate j (mol/m3)
Ii,k inhibition constant for bacterium i by inhibitor k

(mol/m3)

Mj molar mass of substrate j (kg/mol)

Sj reaction rate for substrate j (kg/m3 h)
′
j concentration of substrate j (mol/m3)

j concentration of substrate j (kg/m3)

T

CH3COOH + 0.4NH3 → 0.4C5H9O3N + 0.8H2O
MH H2 + 0.25CO2 → 0.25CH4 + 0.5H2O

H2 + 0.5CO2 + 0.1NH3 → 0.1C5H9O3N + 0.5H2O

M rate of formation of the endogenous residue (kg/m3 h)
i concentration of bacterium i (kg/m3)
i bacterial yield (kg/mol)

The stoichiometric models that correspond to the kinetic
odels are described in Table 1. As seen there, the stoichio-
etric and kinetic models described by Kalyuzhnyi [4] involve

even substrates and five different bacterial populations.
In the current work, the formation of endogenous residue is

dded to both kinetic models and the pH inhibition is suppressed
rom the model based on Kalyuzhnyi [4] since in most of anaero-
ic digesters pH is controlled and effluents contain pH-buffering
ubstances.

The equations that describe the kinetic model based on
alyuzhnyi [4] are as follows:

F = µmF
S′

G

KG + S′
G

1

1 + S′
H/KIF,H

(2)

AE = µmAE
S′

E

KE + S′
E

1

1 + S′
H/KIAE,H

(3)

AB = µmAB
S′

B

KB(1 + S′
AA/KIAB,AA) + S′

B

1

1 + S′
H/KIAB,H

(4)

MA = µmMA
S′

AA

KAA + S′
AA

1

1 + S′
E/KIMA,E

1

1 + S′
B/KIMA,B

(5)

MH = µmMH
S′

HS′
CO2

(KH + S′
H)(K′

CO2
+ S′

CO2
)

1

1 + S′
E/KIMH,E

× 1

1 + S′ /K
(6)
B IMH,B

M = YX/I

∑
i,i�=I

biXi (7)
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SG = −µFXF

YF
MMG (8)

SE =
[

0.34

(
1 − YF

MMG

)
µFXF

YF
− µAEXAE

YAE

]
MME (9)

SB =
[

0.39

(
1 − YF

MMG

)
µFXF

YF
− µABXAB

YAB

]
MMB (10)

SAA =
[

1.31

(
1 − YF

MMG

)
µFXF

YF
+

(
1 − YAE

MME

)
µAEXAE

YAE

SH =
[

0.82

(
1 − YF

MMG

)
µFXF

YF
+ 2

(
1 − YAE

MME

)
µAEXAE

YAE

SCO2 =
[

1.14

(
1 − YF

MMG

)
µFXF

YF
+

(
1 − YMA

MMAA

)
µMAX

YM

− 0.5
µMHXMH

MMH

]
MMCO2

SCH4 =
[(

1 − YMA

MMAA

)
µMAXMA

YMA
+ 0.25

(
1 − YMH

MMH

)
µM

qs. (2)–(6) refer to the anabolic reactions where the growth
ate, µi, for bacteria i is determined. Eq. (7) represents the rate
f formation of the endogenous residue, TM, according to Van
aandel and Marais [7]. These authors suggest a value of 0.2

or parameter YX/I. Eqs. (8)–(14) are the reaction rates, RSj, for
he substrates, where j represents one of these involved in the
naerobic digestion. The kinetic parameters µmi, bi, Yi, Kj and
Ij,k are described in Kalyuzhnyi [4] and the values used for

hose parameters are found in the same source. The set of the 13
inetic equations contains 24 variables.

The present model contains two corrections from the model
riginally described by Kalyuzhnyi [4]. First, Eq. (A3) of
alyuzhnyi [4] (growth rate of the AB bacterium) was writ-

en incorrectly. Following the reasoning of Eqs. (11) and (13)
f Kalyuzhnyi [4], the correct form would require the multi-
lication (instead of addition) of the inhibition by acetic acid
erm by the half-speed constant (KB). Second, Eq. (A16) has
n incorrect stoichiometric coefficient. According to Eq. (1) of
alyuzhnyi [4], that coefficient should be 1.14 instead of 0.82.
hese are correctly presented in this work in Eqs. (4) and (13),

espectively.
The stoichiometric and kinetic models described by Bolle et

l. [1] involve three substrates and one type of bacterial popu-
ation. All of the substrates and the bacterium involved in the

odel described by Bolle et al. [1] are contained in the model
escribed by Kalyuzhnyi [4]. For this model, pH inhibition is
resent and the model considers that only the non-ionized acetic
cid is suitable for metabolic reactions.

In addition to some of the variables that were previously
escribed, the kinetic model based on Bolle et al. [1] contains

he following variables:

j half-speed constant for substrate j (kg/m3)
′
j concentration of non-ionized substrate j (kg/m3)

s
r
t
a

neering Journal 122 (2006) 65–80

(
1 − YAB

MMB

)
µABXAB

YAB
− µMAXMA

YMA

]
MMAA (11)

(
1 − YAB

MMB

)
µABXAB

YAB
− µMHXMH

YMH

]
MMH (12)

− 0.25

(
1 − YMH

MMH

)
µMHXMH

YMH
−

(13)

MH
]

MMCH4 (14)

The equations that describe the kinetic model based on Bolle
t al. [1] are as follows:

MA = µmMA
1

1 + KAA/S′
AA + S′

AA/KIAMA
(15)

M = YX/I

∑
i,i�=I

biXi (16)

SAA = −µMAXMA

YMA
(17)

SCO2 = 0.733(1 − YMA)
µMAXMA

YMA
(18)

SCH4 = 0.266(1 − YMA)
µMAXMA

YMA
(19)

q. (15) represents the growth rate of the only bacterial pop-
lation involved that represents the acetoclastic methanogens
MA), whereas Eqs. (17)–(19) refer to the reaction rates of the
hree substrates involved in the process.

The current work added the term (1−YMA) to Eqs. (18) and
19), which is not present in the model described by Bolle et
l. [1]. That term is necessary to the model, since it takes into
ccount the substrate consumed for the anabolic reactions.

. Flow models

As described in Section 1, anaerobic digestion involves three
istinct phases: the wastewater, the sludge and the biogas. These
hases have distinct behavior inside an anaerobic digester. The
ow model of a non-conventional anaerobic digester has to take

he three phases into account, especially the sludge phase, since
he sludge age is higher than the hydraulic retention time.

Actually, the majority of the existing flow models are unable
o describe with reasonable precision the flow behavior of the

ludge inside an anaerobic digester. Most of them simply catego-
ize the UASB and EGSB reactors as CSTRs or PFRs according
o the flow behavior of the effluent. Bolle et al. [6] and Narnoli
nd Mehrotra [8] are some of the few authors that explicitly
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odeled the flow behavior of the sludge in a UASB reactor.
rito and Melo [9] have modeled the EGSB reactor as a CSTR
ue to its high recycle rate.

.1. UASB reactor

This work relies on the flow model proposed by Bolle et al.
6] that develop compartmental models for each of the sections
f the digester. The work of Narnoli and Mehrotra [8] relies
n a distributed-parameter, three-dimensional model and it is
xtremely complex and difficult to apply to the effluent treatment
n anaerobic digesters.

The flow model for the UASB reactor contains the following
ariables defined by index m, which refers to a section of the
ASB reactor (1: bed; 2: blanket; 3: settler):

CH4,m volumetric production rate of biogas in section m of the
UASB reactor (m3/h)

i,m growth rate for bacterium i in section m of the UASB
reactor (h−1)

Sj,m total mass of substrate j in section m of the UASB reac-
tor (kg)

Xi,m total mass of bacterium i in section m of the UASB
reactor (kg)

Sj,m reaction rate of substrate j for section m of the UASB
reactor (kg/m3 h)

j,IN concentration of substrate j in the inlet stream (kg/m3)
j,m concentration of substrate j in section m of the UASB

reactor (kg/m3)
Mm rate of formation of the endogenous residue in section

m of the UASB reactor (kg/m3 h)
m volume of section m of the UASB reactor (m3)
m height of section m of the UASB reactor (m)
i,IN concentration of bacterium i in the inlet stream (kg/m3)
i,m concentration of bacterium i in section m of the UASB

reactor (kg/m3)

esides the following parameters:

settler efficiency
dr dragging efficiency of the biogas bubbles

cross-sectional area of the UASB reactor (m2)
overall height of the UASB reactor (m)

IN inlet stream flow rate (m3/h)
overall volume of the UASB reactor (m3)

s settling velocity of the sludge (m/h)
sg superficial velocity of the biogas bubbles (m/h)
′ dragging coefficient of the biogas bubbles

The dragging coefficient can be calculated by

′ = ρL − ρCH4

ρS − ρL
(20)
here ρCH4 is the methane density (kg/m3), ρL the effluent den-
ity (kg/m3), and ρS is the sludge density (kg/m3).

The proposed flow model for the UASB reactor is based on
he model described by Bolle et al. [10] that defined the short- w
neering Journal 122 (2006) 65–80 69

ircuit streams present inside the UASB reactor as well as in the
ynamic model described in Bolle et al. [6]. As shown in Fig. 1,
he affluent stream, FIN, is fed into the UASB reactor through
he bottom, and there are two short-circuit streams inside the
ASB reactor that depend on the following parameters:

SF1is the short-circuit fraction that by-passes the bed and SF2
he short-circuit fraction that by-passes the bed and the blanket.

These parameters can be either specified or calculated from
orrelations that depend on other design parameters, such as the
nes described by Bolle et al. [10]:

F1 = f (h1, vsg) = (−0.25h1 + 0.95)(0.42vsg + 0.44) (21)

F2 = f (h1, h2, vsg)

= (0.16h2
2 − 1.24h1 + 2.5)(−0.16v2

sg + 1.6vsg)SF1 (22)

ence, the following streams are defined:

IN (SF1) short-circuit stream that by-passes the bed
IN (SF2) short-circuit stream that by-passes the bed and the

blanket
IN (SF1–SF2) short-circuit stream that by-passes bed but

returns to the blanket

The model described by Bolle et al. [6] is one of the few
hat approach the flow patterns of the effluent and the sludge in
ifferent manners. Bolle et al. [6] state that the sludge is carried
rom the bed to the blanket by the biogas bubbles and that the
ludge returns from the blanket to the bed by action of gravity.
he mass balance for a bacterium i in the bed (m = 1) is given
y

dMXi,1

dt
= FINXi,IN − ηdrx

′φCH4,1Xi,1 + AXi,2vs

+ µi1Xi,1V1 − biXi,1V1 (23)

here the terms are as follows:

INXi,IN amount of bacterium i that is carried into the bed from
the feed stream

drx′φCH4,1Xi,1 amount of bacterium i carried from the bed to
the blanket by the biogas

Xi,2vs amount of bacterium I that settles back from the blanket
to the bed

i,1 Xi,1V1 amount of bacterium i that is generated by anabolism
in the bed

iXi,1V1 amount of bacterium i that perishes in the bed.

In the blanket, the sludge is carried by the effluent stream
o the settler, where a larger part of the sludge is retained and
ettled back in the blanket. The mass balance for a bacterium i
n the blanket (m = 2) is:

dMXi,2
dt
= ηdrx

′φCH4,1Xi,1 − AXi,2vs − FIN(1 − η)

× (1 − SF2)Xi,2 + µi,2Xi,2V2 − biXi,2V2 (24)

here the terms are as follows:
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IN(1−η)(1−SF2)Xi,2 amount of bacterium i that is not
retained by the settler

i,2Xi,2V2 amount of bacterium i that is generated by anabolism
in the bed

iXi,2V2 amount of bacterium i that perishes in the bed.

The mass balances for the sludge depend on some flow param-
ters defined by Bolle et al. [6], which are η, ηdr, x′ and vs. Bolle
t al. [6], however, do not describe with accuracy how to cal-
ulate ηdr and vs. The value of η is set arbitrarily according to
olle et al. [6] and will be discussed later in this paper.

For the endogenous residue, represented by the index I, the
urrent work assumed that it has the same flow behavior that of
he bacterial populations. Hence, the equations for the endoge-
ous residue in the bed (m = 1) and blanket (m = 2) are respec-
ively:

dMXI,1

dt
= FINXI,IN − ηdrx

′φCH4,1XI,1 + AXI,2vs + TM1V1

(25)

dMXI,2

dt
= ηdrx

′φCH4,1XI,1 − AXI,2vs − FIN(1 − η)

× (1 − SF2)XI,2 + TM2V2 (26)

here TMm Vm is the amount of endogenous residue generated
n section m of the UASB reactor.

Bolle et al. [6] and Narnoli and Mehrotra [8] state that the
oncentration of the sludge in the bed is constant and maximum
dX1 = 0). For the current work, that value was set to 90 kg/m3

hat corresponds to the one used in Bolle et al. [6] and within
% to the ones presented by Narnoli and Mehrotra [8]. That
eans that the volume of the bed is determined by the region in

he UASB where the total sludge concentration (including the
ndogenous residue) is equal to that value. The equation that
escribes how the volume of the bed varies in transient state is:

dMX1

dt
= X1

dV1

dt
+ V1

dX1

dt
= X1

dV1

dt
=

∑
i

dMXi,1

dt
(27)

ence

dV1

dt
= 1

X1

∑
i

dMXi,1

dt
(28)

he total volume of the UASB reactor can be expressed simply
y the following relation:

= V1 + V2 + V3 (29)

he settler volume, V3, is considered constant, so

V3 = 0 (30)

hus, differentiating Eq. (29), results in
V1 = −dV2 (31)

q. (31) states that in transient state, the volume gained by the
ed is identical to the one lost by the blanket and vice versa.

w
b

neering Journal 122 (2006) 65–80

ence

dV2

dt
= 1

X1

∑
i

dMXi,1

dt
(32)

or the substrate mass balances, both the bed and the blanket
re considered as CSTRs. Nevertheless, it is important to notice
hat both the bed and blanket have variable volumes in transient
tate, which is an important factor not taken into account by the
odel of Bolle et al. [6]. Those volumes vary according to Eqs.

27) and (30), thus depend on the sludge mass balances. We
ncorporate those volume changes in transient state.

The current work proposes an additional term regarding the
mount of substrate j gained/lost due to the variation of the
ed/blanket volumes in transient state. This term is as follows:

(1 − λ)Sj,1 + λSj,2
] dV1

dt
(33)

here λ is an auxiliary binary variable whose value is: 1 if
V1 > 0; 0 if dV1 < 0.

When the bed expands (dV1 > 0), and therefore the blanket
ontracts, the first term of (33) incorporates part of the blanket,
hich includes an amount of substrate j that has to be taken into

ccount into the mass balance of that substrate. That amount is
epresented by

j,2
dV1

dt
(34)

evertheless, the bed loses an amount of substrate j to the blan-
et, when the bed contracts (dV1 < 0). That amount is represented
y

j,1
dV1

dt
(35)

ence, the proposed mass balance for substrate j in the bed is
iven by

dMSj,1

dt
= (1 − SF1)FINSj,IN − (1 − SF1)FINSj,1 + RSj,1V1

+ ((1 − λ)Sj,1 + λSj,2)
dV1

dt
(36)

here (1−SF1) FIN Sj,IN is the amount of substrate j that enters
he bed through the feed stream, (1−SF1) FIN Sj,1 the amount
f substrate j that leaves the bed to the blanket, and RSj,1 V1
s the amount of substrate j that is consumed/generated in the

etabolic reactions.
Likewise, the substrate mass balance for the blanket has to

ake into account those terms. So that balance is the following,
hich takes into consideration the term proposed in the current
ork:

dMSj,2

dt
= (1 − SF1)FINSj,1 + (SF1 − SF2)FINSj,IN

− (1 − SF2)FINSj,2 + RSj,1V1
− ((1 − λ)Sj,1 + λSj,2)
dV1

dt
(37)

here (1−SF1)FINSj,1 is the amount of substrate j that enters the
lanket from the bed; (SF1–SF2)FINSj,IN the amount of substrate
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that enters the blanket from the fraction of the feed stream that
hort-circuited the bed, (1−SF1) FINSj,2 the amount of substrate
that leaves the blanket to the settler, and RSj,2V2 is the amount of
ubstrate j that is consumed/produce in the metabolic reactions.

It is assumed that no reaction occurs in the settler, so the
ass balances for bacterium i (including endogenous residue)

nd substrate j in the settler are respectively:

dMXi,3

dt
= (1 − η)(1 − SF2)FINXi,2 − FINXi,3 (38)

dMSj,3

dt
= (1 − SF2)FINSj,2 + SF2FINSj,IN − FINSj,3 (39)

ccording to Bolle et al. [6], the settler efficiency, η, is an
djustable parameter whose values generally range from 0.95
o 1. The suggested value for preventing sludge washout is
= 0.995.

Therefore, the equations that constitute the flow model for
he UASB reactor can be summarized into the following:

Short-circuit streams:

F1 = (−0.25h1 + 0.95)(0.42vsg + 0.44) (21′)

F2 = (0.16h2
2 − 1.24h1 + 2.5)(−0.16v2

sg + 1.6vsg)SF1

(22′)

ed mass and volumetric balances:

dMXi,1

dt
= FINXi − ηdrx

′φCH4,1Xi,1 + AXi,2vs

+ µi,1Xi,1V1 − biXi,1V1,

i = F, AE, AB, MA and MH (23′)

dMXI,1

dt
= FINXI,IN − ηdrx

′φCH4,1XI,1 + AXI,2vs + TM1V1

dV1

dt
= 1

X1

∑
i

dMXi,1

dt

dMSj,1

dt
= (1 − SF1)FIN(Sj,IN − Sj,1) + RSj,1V1

+ ((1 − λ)Sj,1 + λ · Sj,2)
dV1

dt
,

j = G, E, B, AA, H and CO2 (36′)
CH4,1 = RSCH4,1V1

ρCH4

(40)

=
{

1 if dV1 > 0

0 if dV1 < 0
(41)

lanket mass and volumetric balances:

X

S

neering Journal 122 (2006) 65–80 71

dMXi,2

dt
= ηdrx

′φCH4,1Xi,1 − AXi,2vs − (1 − η)

× (1 − SF2)FINXi,2 + µi,2Xi,2V2 − biXi,2V2,

i = F, AE, AB, MA and MH (24′)

dMXI,2

dt
= ηdrx

′φCH4,1XI,1 − AXI,2vs − (1 − η)

× (1 − SF2)FINXI,2 + TM2V2 (26′)

dMSj,2

dt
= (1 − SF1)FINSj,1 − (1 − SF2)FINSj,2

+ (SF1 − SF2) FINSj,IN + RSj,2V2

− ((1 − λ)Sj,1 + λSj,2)
dV1

dt
,

j = G, E, B, AA, H and CO2 (37′)

CH4,2 = RSCH4,2V2

ρCH4

(42)

dV2

dt
= − 1

X1

∑
i

dMXi,1

dt
(43)

ettler mass balances:

dMXi,3

dt
= (1 − η)(1 − SF2)FINXi,2 − FINXi,3,

i = F, AE, AB, MA, MH and I (38′)

dMSj,3

dt
= (1 − SF2)FINSj,2 + SF2FINSj,IN − FINSj,3,

j = G, E, B, AA, H and CO2 (39′)

dditional constraints:

= h1 + h2 + h3 (44)

= V1 + V2 + V3 (45)

m = Ahm, m = 1, 2 and 3 (46)

i,m = MXi,m

Vm

, i = F, AE, AB, MA, MH and I

m = 1, 2 and 3 (47)

1 =
∑

i

Xi,1 = 85 (48)

∑

2 =

i

Xi,2 (49)

j,m = MSj,m

Vm

, j = G, E, B, AA, H and CO2

m = 1, 2 and 3 (50)
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q. (28) can be written as a combination of Eqs. (47) and (48).
ikewise, Eq. (43) can be written as a combination of Eqs. (28)
nd (45) (since dV = dV3 = 0). Therefore, those differential equa-
ions of the flow model for the UASB reactor can be substituted
y algebraic equations. Expression (41) is actually a logical
mplication that can be expressed by

V1λ = 1

2
(|dV1| + dV1) (51)

herefore, there are 36 differential equations, 72 algebraic equa-
ions (including the kinetic equations) and 1 logical implication.
ote that among the algebraic equations there are 26 from the
inetic model (13 for the bed and 13 for the blanket) composed
f Eqs. (2)–(14). Also, there are 17 parameters and 108 vari-
bles, and for the dynamic simulation of the flow model of the
ASB reactor the following definitions are needed:

Values for the following 17 parameters:
◦ FIN, Sj,IN, Xi,IN, V, V3, A, η·
Initial values for the following 36 state variables:
◦ Sj,m (m = 1–3), Xi,2, Xi,3;
◦ Xi,1 (five of the six anaerobic sludge component concen-

trations in the bed);
◦ Vmvolume of either the bed or the blanket.

.2. EGSB reactor

The flow model for the EGSB reactor is simpler than the one
resented for the UASB reactor. Since the EGSB reactor has no
nternal sections like its predecessor, the sludge concentration
hroughout the whole reactor is considered the same.

The following assumptions are made for the sludge discharge
n the EGSB reactor:

the discharge is made at the bottom of the reactor;
the discharge is constant;
the amount of discharged sludge is equal to the amount of
sludge produced inside the EGSB reactor.

The following are the subscripts for the EGSB model:

stream
D feed
N inlet
UT outlet
UT.r recycle
W treated effluent

and the following variables and parameters:

CH4 volumetric production rate of biogas in the EGSB reac-
tor (m3/h)

i growth rate for bacterium i (h−1)

cross-sectional area of the EGSB reactor (m2)

C total discharged sludge flow (kg/m3 h)
Ci discharge flow for bacterium i (kg/m3 h)
n flow rate for stream n (m3/h) i
neering Journal 122 (2006) 65–80

height of the EGSB reactor (m)
recycle rate

Sj reaction rate in the EGSB reactor (kg/m3 h)
j concentration of substrate j in the EGSB reactor

(kg/m3)
j,n concentration of substrate j in stream n (kg/m3)
M rate of formation of the endogenous residue in the

EGSB reactor (kg/m3 h)
volume of the EGSB reactor (m3)
sludge concentration in the EGSB reactor (kg/m3)

i concentration of bacterium i in the EGSB reactor
(kg/m3)

i,n concentration of bacterium i in stream n (kg/m3)

Equations

IN = FFD(1 + r) (52)

FD = FTW (53)

CH4 = RSCH4V (54)

j,INFIN = Sj,FDFFD + SjFFDr,

= G, E, B, AA, H and CO2 (55)

i,TW = DCiV

FFD
, i = F, AE, AB, MA, MH and I (56)

i,INFIN = Xi,FDFFD, i = F, AE, AB, MA, MH and I (57)

= Ah (58)

ue to the assumptions, the following holds for the sludge dis-
harge:

i

dXi

dt
= 0 (59)

he discharged sludge flow, DC, is given by

C =
∑

i

FIN

V
Xi,IN +

∑
i�=I

(µiXi − biXi) + TM (60)

here
∑

iFIN/VXi,IN is the sludge brought into the EGSB reac-
or from the inlet stream,

∑
i�=I (µiXi − biXi) is the net growth of

ll bacteria in the EGSB reactor, taking into account the anabolic
eactions and their perishing.

The discharge of all bacteria and the endogenous residue,
Ci, is considered proportional to their concentration in the

eactor. Hence

Ci = Xi

X
DC, i = F, AE, AB, MA, MH and I (61)

he mass balance for a bacterium i inside the EGSB reactor is
iven by
dXi

dt
= FIN

V
Xi,IN − DCi + µiXi − biXi,

= F, AE, AB, MA and MH (62)
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Table 2
Kinetic parameters and initial bacterial population concentrations for Cases K1
and K2

Parameter Value Unit

µmF 0.175 h−1

µmAE 0.280 h−1

µmAB 0.011 h−1

µmMA 0.015 h−1

µmMH 0.058 h−1

KG 0.128 mol/m3

KE 0.060 mol/m3

KB 1.100 mol/m3

KAA 2.300 mol/m3

KH 0.008 mol/m3

KCO2 0.010 mol/m3

YF 0.0220 kg/mol
YAE 0.0020 kg/mol
YAB 0.0045 kg/mol
YMA 0.0025 kg/mol
YMH 0.0004 kg/mol
bF 0.00125 h−1

bAE 0.00125 h−1

bAB 0.00125 h−1

bMA 0.00083 h−1

bMH 0.00125 h−1

KIFH 0.03205 mol/m3

KIAEH 0.32051 mol/m3

KIABH 0.00641 mol/m3

KIABAA 10 mol/m3

KIMAB 21 mol/m3

KIMAE 35 mol/m3

KIMHB 16 mol/m3

KIMHE 29 mol/m3

Bacterial population Initial concentration Unit

XF 0.058 kg/m3

XAE 0.011 kg/m3

XAB 0.017 kg/m3

X
X

w
b
e

T
a
i

f
b
K
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nd for the endogenous residue:

dXI

dt
= FIN

V
· XI,IN − DCI + TM (63)

ue to the hypothesis that the EGSB reactor behaves like a CSTR
9], the mass balance for the substrates is given by

dSj

dt
= FIN

V
(Sj,IN − Sj) + RSj,

= G, E, B, AA, H and CO2 (64)

oreover, the concentration of the substrates in the OUT, OUT.r
nd TW streams are identical to the concentration of those sub-
trates inside the reactor.

Note that combining Eqs. (59)–(63), the following is true:

=
∑

i

Xi (65)

ence, at least one of the differential mass balances for the
ludge components can be substituted by the algebraic equation
65).

In the proposed flow model for the EGSB reactor, there are 11
ifferential equations and 43 algebraic equations (including the
inetic equations). Also there are 17 parameters and 54 variables,
nd for a dynamic simulation of the flow model of the EGSB
eactor the following definitions are needed:

Values for the following 17 parameters:
◦ FD, Sj,FD, X, Xi,FD, V
◦ IN or r
◦ A or h
Initial values for the following 11 state variables:
◦ Sj;
◦ Xi (five of the six anaerobic sludge concentrations present

in the EGSB reactor)

. Validation of the kinetic and flow models

.1. Implementation of the models

The implementation and simulations of the operation of
naerobic digesters (UASB and EGSB reactors) were made with
ATLAB V5.2.0 to compile the models presented in item 3.

ince the simulations start at transient state with a system of
rdinary differential equations (ODE), the ODE15S solver was
sed, which solves stiff ODE systems using a variable order
ethod. ODE15S is a quasi-constant step size implementation in

erms of backward difference from the Klopfenstein–Shampine
amily of orders 1–5 numerical differentiation formulas. More-
ver, it uses natural free interpolators and local extrapolation is
ot done. By default, the Jacobians are numerically generated.

.2. Kinetic model simulations
.2.1. Simulations of the kinetic model based on
alyuzhnyi [4]

For the dynamic simulations of this kinetic model, the equa-
ion regarding the rate of formation of the endogenous residue

p
i
n
f

MA 0.025 kg/m3

MH 0.039 kg/m3

as suppressed, since the emphasis is to analyze the kinetic
ehavior of the system. The general structure of the dynamic
quations is:

dSj

dt
= RSj, j = G, E, B, AA, E, CO2 and CH4

dXi

dt
= µi − bi, i = F, AE, AB, MA and H

herefore, the dynamic simulation of the kinetic model requires
set of initial concentrations for all the substrates and bacteria

nvolved.
A series of simulations of the kinetic model was per-

ormed that compares the results to the simulations presented
y Kalyuzhnyi [4] and to the experimental results obtained in
alyuzhnyi and Davlyatshina [11]. The values for the kinetic

arameters are the same used by Kalyuzhnyi [4] and described
n Table 2. Again, the simulations made by the current work do
ot take into account pH inhibition, which has been suppressed
or this specific kinetic model.
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Table 3
Initial conditions and results for substrates for Case K1 (concentration values in mol/m3)

Time (h) Ref. [11] Ref. [4] Current work

SG SE SB SAA SH SCO2 SCH4 SG SB SAA SCH4 SG SE SB SAA SH SCO2 SCH4

0 5.6 0.0 10.0 0.2 0.00 0.3 0.0 5.6 10.0 0.2 0.0 5.6 0.0 10.0 0.2 0.00 0.3 0.0
15 0.0 0.1 11.6 4.4 0.14 1.7 0.8 0.0 11.6 7.8 2.3 0.0 0.0 11.5 8.1 0.00 4.4 2.6
23 0.0 0.0 12.1 6.0 0.06 3.0 1.9 0.0 11.5 8.4 3.0 0.0 0.0 11.1 8.0 0.00 4.9 3.4
46 0.0 0.0 11.4 6.8 0.00 4.6 4.8 0.0 10.6 8.4 4.8 0.0 0.0 10.1 7.7 0.00 6.5 5.9
67 0.0 0.0 10.3 6.1 0.00 7.3 7.5 0.0 9.7 8.3 6.5 0.0 0.0 9.1 7.4 0.00 8.1 8.6
111 0.0 0.0 7.4 6.0 0.00 9.3 12.6 0.0 7.4 7.8 11.5 0.0 0.0 6.3 6.0 0.00 12.9 16.0
136 0.0 0.0 5.8 5.1 0.00 11.9 15.9 0.0 5.8 6.9 15.9 0.0 0.0 4.4 4.6 0.00 16.6 21.4
165 0.0 0.0 3.6 4.6 0.00 15.9 22.2 0.0 3.6 5.6 22.2 0.0 0.0 2.1 2.4 0.00 21.6 28.6
185 0.0 0.0 1.8 3.3 0.00 19.1 27.8 0.0 1.8 3.3 27.8 0.0 0.0 0.7 1.1 0.00 24.6 32.9
208 0.0 0.0 0.4 2.3 0.00 21.7 32.5 0.0 0.4 0.8 33.5 0.0 0.0 0.1 0.2 0.00 26.3 35.2

Fig. 3. Comparison of the results for concentration of butyric and acetic acid
by the simulation of Case K1 against the experimental data of Kalyuzhnyi and
D
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factory when compared to the ones performed in Kalyuzhnyi [4]
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avlyatshina [11] and the simulation of Kalyuzhnyi [4].

The initial conditions for the substrate concentrations are the
ame presented in Kalyuzhnyi and Davlyatshina [11] and given
n Tables 3 (Case K1) and 4 (Case K2) along with the results.
hose differ in terms of the nonzero initial concentrations of

thanol, glucose and ethanol, respectively. For the bacterial pop-
lations, the initial concentrations are, according to Kalyuzhnyi
4], given in Table 2.

a
T
a

able 4
nitial conditions and results for substrates for Case K2 (concentration values in mol/

ime (h) Ref. [11] Ref. [4]

SE SB SAA SH SCO2 SCH4 SE SB

0 21.0 10.0 0.2 0.0 0.2 0.0 21.0 10.
14 19.5 10.1 1.9 1.5 0.4 0.5 17.6 10.
45 16.0 10.2 4.8 1.7 0.3 3.5 13.8 10.
65 12.9 9.8 5.5 1.6 0.2 5.6 11.5 9.
10 6.7 9.6 7.2 1.4 0.2 10.3 6.0 9.
34 3.8 9.6 8.7 1.3 1.1 13.7 3.1 10.
63 0.0 9.8 10.1 0.7 1.3 17.9 0.0 9.
83 0.0 9.2 8.7 0.2 1.5 20.3 0.0 9.
06 0.0 8.8 7.6 0.0 2.2 23.6 0.0 9.
29 0.0 7.6 5.8 0.0 5.4 29.6 0.0 8.
82 0.0 5.8 2.9 0.0 10.7 35.1 0.0 5.
09 0.0 4.2 1.6 0.0 12.4 39.2 0.0 4.
39 0.0 2.1 1.2 0.0 14.5 41.9 0.0 2.
ig. 4. Comparison of the results for concentration of carbon dioxide and
ethane by the simulation of Case K1 against the experimental data of Kalyuzh-

yi and Davlyatshina [11] and the simulation of Kalyuzhnyi [4].

Figs. 3–8 show the simulation of the current work as well
s the data in Kalyuzhnyi [4] and Kalyuzhnyi and Davlyatshina
11].

The results for the simulation of Cases K1 and K2 were satis-
nd the experimental data in Kalyuzhnyi and Davlyatshina [11].
he most significant difference was the rapid consumption of
cetic acid and formation of carbon dioxide and methane. This

m3)

Current work

SAA SCH4 SE SB SAA SH SCO2 SCH4

0 0.2 0.0 21.0 10.0 0.2 0.0 0.2 0.0
1 2.6 0.4 17.4 10.0 3.2 4.8 0.0 0.8
2 5.2 2.8 13.0 10.0 5.8 8.1 0.0 3.4
8 6.3 4.6 10.2 10.0 7.1 9.1 0.0 5.6
6 8.3 10.3 2.6 10.0 9.9 9.3 0.0 12.7
0 9.2 12.2 0.0 10.0 8.9 3.0 0.0 18.4
8 10.1 16.5 0.0 9.3 5.3 0.0 3.4 24.0
8 7.6 19.6 0.0 8.5 3.3 0.0 6.3 27.7
3 5.7 23.2 0.0 7.5 1.6 0.0 9.2 31.5
6 3.5 27.1 0.0 6.2 1.0 0.0 11.3 34.8
8 1.3 35.1 0.0 2.8 0.9 0.0 15.8 42.5
2 1.3 38.3 0.0 1.0 0.6 0.0 18.2 46.6
1 1.3 41.9 0.0 0.1 0.1 0.0 19.9 49.1
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Fig. 5. Comparison of the results for concentration of the bacteria type F, AE
and AB by the simulation of Case K1 against the simulation of Kalyuzhnyi [4].
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Fig. 8. Comparison of the results for concentration of carbon dioxide, hydrogen
and methane by the simulation of Case K2 against the experimental data of
Kalyuzhnyi and Davlyatshina [11] and the simulation of Kalyuzhnyi [4].

Table 5
Kinetic parameters and initial bacterial population/substrate concentrations for
Case K3

Parameter Value Unit

µmMA 16 × 10−4 h−1

KAA 0.002 kg/m3

YMA 0.04 kg/kg
bMA 1.5 × 10−4 h−1

KIMA,AA 0.0158 kg/m3

Substrate/bacterium Initial concentration Unit

S
X

r
C
c
t
t

ig. 6. Comparison of the results for concentration of the bacteria type MA,
H and AB by the simulation of Case K1 against the simulation of Kalyuzhnyi

4].

ould be explained due to the suppression of the pH inhibition
actor in the kinetic model developed by the current work. That
lso reflected on the rapid growth of the acetoclastic methanogen
acterium, which is the one that is most influenced by pH. In
ase K2, there is a peak in the hydrogen concentration that

as unobserved in the experimental data from Kalyuzhnyi and
avlyatshina [11]. This could be explained by the existence of a

eversible reaction that has not been predicted in the stoichiomet-
ic model. Since Kalyuzhnyi [4] does not approach simulation

ig. 7. Comparison of the results for concentration of butyric and acetic and
thanol acid by the simulation of Case K2 against the experimental data of
alyuzhnyi and Davlyatshina [11] and the simulation of Kalyuzhnyi [4].

4
a

w
t
K
T
m

T
C

T

1
2
3
4
5

AA 5.5 kg/m3

MA 6.4 kg/m3

esults for cases with high initial concentrations of ethanol, like
ase K2, which will eventually produce a relatively high con-
entration of hydrogen, it is difficult to determine the reason for
he difference between the results from the current work and
hose of Kalyuzhnyi and Davlyatshina [11].

.2.2. Simulations on the kinetic model based on Bolle et
l. [1]

The values for the kinetic parameters used in the simulation
ere given by Bolle et al. [1]. The initial conditions for the bac-

erial population and substrate concentration, denoted as Case
3, were the same as the experiments made by Bolle et al. [1].

he initial acetic acid concentration was 5.5 kg/m3 and the initial
icroorganism concentration was 6.4 kg/m3 (Tables 4 and 5).
The results are given in Fig. 9 and in Table 6.

able 6
ase K3 results

ime (h) SAA [1] SAA (current work)

0 5.5 5.5
0 4.2 4.3
0 2.7 2.9
0 1.5 1.4
0 0.2 0.2
0 0.0 0.0
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Table 7
Parameters and initial conditions for Cases H1 and H2

Parameter/initial condition Value Unit

SAA,1 3 kg/m3

SAA,2 3 kg/m3

SAA,3 3 kg/m3

SCO2,1 0 kg/m3

SCO2,2 0 kg/m3

SCO2,3 0 kg/m3

X1 90 kg/m3

X2 25 kg/m3

X3 0 kg/m3

XMA,1 90 kg/m3

XMA,2 25 kg/m3

XMA,3 0 kg/m3

XI,1 0 kg/m3

XI,2 0 kg/m3

XI,3 0 kg/m3

V1 910 m3

V2 390 m3

V3 300 m3

A 300 m2

SAA,IN 3 kg/m3

SCO2,IN 0 kg/m3

XIN 0 kg/m3

XMA,IN 0 kg/m3

Xi,IN 0 kg/m3

vsg 1.25 m/h
vs 3.5 m/h
ηdr 0.3
η 0.995
X
V

s
h
t
a
f

operation that corresponds to how the UASB reactor actually
operates, and to compare the results to the ones shown in Bolle
et al. [6]. Two cases were set, the first (Case H3) where the flow
model included Eqs. (21), (21′), (22) and (22′) for the calculation
ig. 9. Comparison of the results for concentration of acetic acid by the simu-
ation of Case K3 against the experimental data of Bolle et al. [1].

For Case K3, the simulation results were quite similar to the
nes presented in Bolle et al. [1]. It is important to notice that the
alues of the kinetic parameters used by Bolle et al. [1] represent
n average of many experiments.

.3. Flow model simulations

.3.1. UASB reactor
First, we present and compare our simulations with those

btained from Bolle et al. [6]. Next, the main model parameters
re varied to perform a sensitivity analysis.

.3.1.1. Comparison with the results from Bolle et al. [6].
irstly, the kinetic model based on Bolle et al. [1] was integrated
ith the flow model of the UASB reactor in order to compare the

imulations of that model with the experimental data presented
y Bolle et al. [6]. The substrates involved in the kinetic model
ased on Bolle et al. [1] are also present in the kinetic model
ased on Kalyuzhnyi [4].

The first simulation compares the flow model described in
he current work – which includes the referred term and denoted
s Case H1 – with the flow model described in Bolle et al. [6]
which does not include the term represented in (36) and (36′)

nd denoted as Case H2. This simulation is done in a “batch
peration mode” where there are no inlet and outlet streams that
orresponds to a hypothetical situation, since the UASB reactor
s not operated under this condition. Thus, the mass balances for
he substrates are only composed by the reaction term and the
erm that accounts for the amount of substrate lost/gained due
o the variation of the volumes of the bed/blanket.

The flow model parameters and initial conditions for the two
ases are given in Table 7. The values for the flow parameters
s, ηdr and η were extracted from Bolle et al. [6], whereas the
alue for vsg was extracted from Bolle et al. [10] (Table 8).

Figs. 10 and 11 present the comparison of the results of the
imulations of Cases H1 and H2.

Fig. 11 shows an anomaly in the simulation of Case H2. In

he kinetic model based on Bolle et al. [1], acetic acid is only
onsumed; hence the concentration of acetic acid inside the reac-
or can only decrease. The peak in the acetic acid concentration
n the bed, a value above the one at the start of the simulation,

F
g

I,3 0 kg/m3

1 910 m3

hows that an unattainable situation occurred. That same peak,
owever, is not present in the simulation of Case H1, where the
erms that account for the changes in the bed/blanket volumes
re present. The curves of Case H1 have the expected behavior
or the simulation.

The next step was to perform a simulation in continuous
ig. 10. Comparison of the results of for concentration of acetic acid and hydro-
en by the simulation of Cases H1 and H2 in the blanket of a UASB reactor.



R.F.F. Pontes, J.M. Pinto / Chemical Engineering Journal 122 (2006) 65–80 77

Table 8
Parameters and initial conditions for Cases H3 and H4

Parameter/initial condition Value Unit

SAA,1 0.033 kg/m3

SAA,2 0 kg/m3

SAA,3 0.4 kg/m3

SCO2,1 0 kg/m3

SCO2,2 0 kg/m3

SCO2,3 0 kg/m3

X1 90 kg/m3

X2 23.5 kg/m3

X3 0 kg/m3

XMA,1 90 kg/m3

XMA,2 23.5 kg/m3

XMA,3 0 kg/m3

XI1 0 kg/m3

XI2 0 kg/m3

XI3 0 kg/m3

V1 910 m3

V2 390 m3

V3 300 m3

A 300 m2

SAA,IN 3 kg/m3

SCO2,IN 0 kg/m3

XIN 0 kg/m3

XMA,IN 0 kg/m3

XI,IN 0 kg/m3

IN 200 m3/h
vsg 1.25 m/h
v 3.5 m/h
η

η

o
w

c
T

m
s
v
t
u
s

F
g

Table 9
Experimental data from Bolle et al. [6] and results from Cases H3 and H4

Variable Bolle et al. [6] Case H3 Case H4

h1 (m) 3.00 0.85 0.35
X2 (kg/m3) 23.5 14.7 17.5
SAA,1 (kg/m3) 0.033 0.165 1.849
SAA,2 (kg/m3) – 0.073 0.324
SAA,3 (kg/m3) 0.400 0.556 0.712
SF 0.145 0.712 0.145
S
φ

fi
d
B
i

(
w
e
i
(

t
e
t
w
t
a
i
s
l
b
t

i

s

dr 0.3
0.995

f SF1 and SF2, and the second (Case H4) where those values
ere extracted from Fig. 3 of Bolle et al. [6].
The flow model parameters and initial conditions for the two

ases are given in Table 7. The simulation results are given in
able 9.

Table 9 shows considerable differences between the experi-
ental results from Bolle et al. [6] and those obtained from the

imulations of the current work. For Case H4, which uses the

alues for short-circuit fractions from Fig. 3 of Bolle et al. [6],
hose differences are even greater. The flow model parameters
sed in the UASB reactor flow model could be the reason for
uch differences.

ig. 11. Comparison of the results of for concentration of acetic acid and hydro-
en by the simulation of Cases H1 and H2 in the bed of a UASB reactor.

a
η

b
t

d
f
b

4
m
a
p
o
w
w

r
m
t

1

F2 0.145 0.152 0.145

CH4 (m3/h) 200 106 117

Bolle et al. [10] do not describe how the parameter vsg (super-
cial velocity of the biogas) is calculated, and this value has
irect effect on the calculation of the short-circuit fractions.
olle et al. [6] do not mention any value for this parameter

n the calculation of the short-circuit fractions.
Moreover, Bolle et al. [10] do not make clear whether Eqs.

21), (21′), (22) and (22′) can be extrapolated to UASB reactors
ith different dimensions from those used in the experiment to

valuate those equations. Furthermore, if the dimensions differ,
t is not mentioned if a correction factor is needed for Eqs. (21),
21′), (22) and (22′).

Bolle et al. [6] use the values from Lettinga et al. [12] for
he calculation of vs (sludge settling velocity), who only present
xperimental data for the calculation of that parameter rather
han an equation. There are settling velocities equations, but
ere inaccurate for that task, once they are obtained for different

ypes of sludge. Narnoli and Mehrotra [8] used vs = 2 m/h as
constant, that is considerably different from the values used

n Bolle et al. [6]. Nevertheless, the use of that value in the
imulation would only increase the mentioned differences, since
ess sludge would settle to the bed, thus further decreasing the
ed height value. This is verified in the sensitivity analysis in
his section.

Finally, parameter x′ (sludge drag coefficient by the biogas)
s defined by Bolle et al. [6] and shown in Eq. (20), but these
uthors do not describe how to calculate the dragging efficiency,
dr, which is present in the mass balances for the bacteria in the
lanket. Bolle et al. [6] simply mention values ranging from 0.13
o 0.30, which vary according to other parameters.

The involved theory in the development of the flow model
escribed by Bolle et al. [6] is consistent; nevertheless the model
ails to determine how the involved flow model parameters can
e calculated.

.3.1.2. Sensitivity analysis of the proposed flow model. Since
any values of the parameters in the flow model are estimates,
sensitivity analysis for these parameters is necessary. The pur-
ose of such analysis is to evaluate the impact of the parameters
n the main state variables of the UASB reactor. The analysis
as made for four parameters: YX/I, ηdr, vs and SF1. Case H4
as used for the analysis.

Bolle et al. [6] take into account in their model the decay

ate for the bacteria, but they do not take into account the for-
ation of the endogenous residue, which on the other hand is

aken into account in our proposed model. Parameter YX/I was
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Table 10
Parameter YX/I sensitivity analysis results

Variable Case H3 (YX/I = 0.2) YX/I = 0.15 (−25%) YX/I = 0.10 (−50%) YX/I = 0.05 (−75%) YX/I = 0.00 (−100%)

h1 (m) 0.35 0.34 −2.9% 0.33 −5.7% 0.32 −8.4% 0.31 −11.1%
X2 (kg/m3) 17.5 17.2 −1.5% 16.9 −3.0% 16.7 −4.5% 16.4 −6.0%
XAA,2 (kg/m3) 16.5 16.5 −0.1% 16.4 −0.2% 16.4 −0.2% 16.4 −0.3%
SAA,1 (kg/m3) 1.849 1.866 0.9% 1.883 1.8% 1.900 2.7% 1.916 3.6%
SAA,2 (kg/m3) 0.324 0.328 1.1% 0.332 2.3% 0.335 3.4% 0.339 4.6%
SAA,3 (kg/m3) 0.712 0.716 0.4% 0.719 0.9% 0.722 1.3% 0.725 1.8%
φCH4 (m3/h) 117 117 0.0% 117 0.0% 117 0.0% 116 −0.9%

Table 11
Parameter ηdr sensitivity analysis results

Variable Case H3 (ηdr = 0.30) ηdr = 0.26 (−13.3%) ηdr = 0.22 (−26.7%) ηdr = 0.18 (−40.0%) ηdr = 0.13 (−56.7%)

h1 (m) 0.35 0.41 16.7% 0.49 40.8% 0.64 82.0% 1.21 246%
X2 (kg/m3) 17.5 17.6 1.0% 17.8 2.0% 18.0 2.9% 17.4 −0.5%
SAA,1 (kg/m3) 1.849 16.6 0.8% 16.7 1.5% 16.8 1.8% 15.9 −3.7%
SAA,2 (kg/m3) 0.324 1.661 −10.2% 1.406 −24.0% 1.045 −43.5% 0.429 −76.8%
SAA,3 (kg/m3) 0.712 0.281 −13.3% 0.228 −29.7% 0.163 −49.8% 0.073 −77.6%
φCH4 (m3/h) 117 0.675 −5.2% 0.630 −11.6% 0.574 −19.4% 0.497 −30.2%

Table 12
Parameter vs sensitivity analysis results

Variable Case H3 (vs = 3.50 m/h) vs = 3.20 (−8.6%) vs = 2.80 (−20.0%) vs = 2.40 (−31.4%) vs = 2.00 (−42.9%)

h1 (m) 0.35 0.32 −9.0% 0.28 −20.9% 0.24 −32.6% 0.20 −44.2%
X2 (kg/m3) 17.5 17.3 −0.6% 17.2 −1.6% 17.0 −2.6% 16.8 −3.8%
SAA,1 (kg/m3) 1.849 16.4 −0.5% 16.3 −1.3% 16.1 −2.2% 15.9 −3.2%
S (kg/m3) 0.324 1.953 5.6% 2.091 13.1% 2.229 20.5% 2.364 27.9%
S .387
φ .766
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AA,2

AA,3 (kg/m3) 0.712 0.350 8.0% 0

CH4 (m3/h) 117 0.735 3.1% 0

ecreased from 0.2 (the base value in this work) to 0 (no endoge-
ous residue is formed). Table 10 shows how the variation of
arameter YX/I affects the main state variables.

The dragging efficiency, ηdr, and the settling velocity, vs,
ave a direct effect on the bed and blanket volumes. An analysis
as made for ηdr ranging from 0.13 to 0.30, and for vs varying

rom 3.5, value used by Bolle et al. [6], to 4.0, value used by
arnoli and Mehrotra [8]. The results for this analysis are shown

n Tables 11 and 12.
Finally, the short-circuit fraction of the stream that by-passes

he bed, SF1, was also treated as a parameter, and a sensitivity

nalysis was made from 0.145 (value used in Case H4) to 0.712
value used in Case H3). The results are given in Table 13.

The effects of the variation of the values of YX/I on the state
ariables are small inside the range of the analysis. There was

3

i
f

able 13
arameter SF1 sensitivity analysis results

ariable Case H3 (SF1 = 0.145) SF1 = 0.42 (190%) SF1 = 0

1 (m) 0.35 0.36 1.9% 0.40

2 (kg/m3) 17.5 17.4 −0.2% 17.3

AA,1 (kg/m3) 1.849 16.4 −0.2% 16.3

AA,2 (kg/m3) 0.324 1.306 −29.4% 0.792

AA,3 (kg/m3) 0.712 0.326 0.6% 0.338

CH4 (m3/h) 117 0.714 0.2% 0.724
19.4% 0.427 31.6% 0.470 44.9%
7.5% 0.800 12.3% 0.837 17.5%

6% drop in the value of X2 and an increase of 2% in the
alue of SAA,3 when the parameter YX/I was decreased from 0.2
o 0.0.

The change on parameter ηdr has a quite significant impact
n some of the UASB reactor state variables. When decreasing
he value of ηdr from 0.30 to 0.13, the value for h1 more than
ripled and the value of SAA,3 decreased by about 30%. The
ludge settling velocity also had an influence on the values of
hese variables, but not too significant as the ones found for ηdr.

hen decreasing the value of vs from 3.5 to 2.0, the value for
1 decreased in 45% and the value of SAA,3 increased in about

0%.

Finally, for SF1 there were some noticeable changes when
ts value was increased from 0.145 to 0.712, in particular
or the h1 values, which more than doubled, for SAA,3,

.56 (286%) SF1 = 0.64 (341%) SF1 = 0.712 (391%)

13.2% 0.52 49.1% 0.84 141%
−1.1% 16.7 −4.4% 14.7 −15.7%
−1.3% 15.6 −5.1% 13.5 −17.9%

−57.2% 0.401 −78.3% 0.166 −91.0%
4.2% 0.381 17.4% 0.565 74.1%
1.6% 0.761 6.8% 0.918 28.8%
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Table 14
Parameters and initial conditions for Cases H5 and H6

Parameter H5 H6 Unit

SE,FD 0 0.287 kg/m3

SAA,FD 1.2 0 kg/m3

Sj,FD (j �= E, AA) 0 0 kg/m3

FFD 2.85 × 10−4 5.57 × 10−3 m3/h
r 95 0.58
FIN 2.74 × 10−2 8.82 × 10−3 m3/h
X 19.0 10.0 kg/m3

V 4.84 × 10−4 1.96 × 10−3 m3

A 1.37 × 10−3 1.96 × 10−3 m2

h 0.353 1.000 m
DQOFD 1.230 0.600 kg/m3

Initial condition H5 H6 Unit

SE 0 0.287 kg/m3

SAA 1.2 0 kg/m3

Sj (j �= E, AA) 0 0 kg/m3

SE,IN 0 0.287 kg/m3

SAA,IN 0.0 0 kg/m3

Sj,IN (j �= E. AA) 0 0 kg/m3

Xi (I �= I) 3.8 2.0 kg/m3

X
X

5

o
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t
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hich increased by 29%, and for X2, which decreased by
6%. The value for SF2 was set to 0.145 in all of these
ases.

Within the ranges of the sensitivity analysis, the most
ignificant changes occurred for the dragging efficiency, ηdr.
his is in fact the parameter least accurately described by the
ASB flow model. An imprecise value for this parameter may

esult in a completely inaccurate calculation of variables such
s bed and blanket volumes, besides giving a false assessment
n the overall efficiency of the UASB reactor. The sludge
ettling velocity, vs, is also important, and as predicted in
he previous section, the lower the value for vs, the lower
he value for the bed volume will be. Although SF1 can be
reated as a variable, it was considered as a parameter for this
nalysis due to the aforementioned problems on the equations.
he effects of the variation of SF1 are more noticeable when

hat parameter reaches 0.50. Between 0.145 and 0.42, the
ifferences are negligible, except for the value of SAA,1, as
xpected.

.3.2. EGSB reactor
Two cases were simulated for the EGSB reactor. The first

ase, H5, was compared to the experiment performed by Brito
nd Melo [9], whereas the second case, H6, was compared to the
xperiment performed by Kato et al. [13]. The initial conditions
nd constant parameters used in Cases H5 and H6 are given in
able 14.

The results are given in Table 15. The flow model for the
GSB reactor showed similar results to the experimental data

elated by Brito and Melo [9] and Kato et al. [13]. However,
hat model is restricted to situations in which there is no sludge
ashout inside the reactor, and in that situation, additional equa-

ions that describe the sludge flow behavior would be needed.
hat was the reason for the differences from the COD (Chem-

cal Oxygen Demand) removal rate found in the current work
imulation in Case H5 (98%) with respect to the one found by
rito and Melo [9], which was 95%. The experiment conducted

y Brito and Melo [9] used an upward velocity of the fluid of
0 m/h, whereas Kato et al. [13] recommend that this velocity
e lower than 5.5 m/h. The COD removal rate for Case H6 was
he same found by Kato et al. [13].

d
t
m
E

able 15
ases H5 and H6 results

ariable Case H5

Stream IN Reactor S

E (kg/m3) 0.0000 0.0000 0

AA (kg/m3) 0.0310 0.0187 0

H (kg/m3) 0.0000 0.0000 0

CO2 (kg/m3) 0.8215 0.8302 0

AE (kg/m3) 0.0000 0.0000 0

MA (kg/m3) 0.0000 16.1966 7

MH (kg/m3) 0.0000 0.0000 0

I (kg/m3) 0.0000 2.7785 1
ODOUT (kg/m3) – 0.0199 –
OD removal efficiency (%) – 98 –

CH4 (kg/h) – 8.60 × 10−5 –
I 0 0 kg/m3

i,IN 0 0 kg/m3

. Conclusions

The present paper addresses the modeling and simulation
f anaerobic digestion of wastewater in modern anaerobic
igesters, specifically UASB and EGSB reactors. This objec-
ive is achieved by establishing a framework of models, which
s composed by the stoichiometric, kinetic, and flow (hydraulic)

odels.
The stoichiometric and kinetic models, which are intrinsi-

ally connected, account for the consumption and production of
ll components involved in the anaerobic digestion, as well as
he bacterial population responsible for metabolizing these com-
ounds and the endogenous residue. The flow models are quite

ifferent for the UASB and EGSB reactors, but both account for
he wastewater flow and the sludge flow which are distinct for

odern anaerobic digesters. The flow models for the UASB and
GSB reactors were integrated with the kinetic model described.

Case H6

tream OUT Stream IN Reactor Stream OUT

.0000 0.1817 0.0001 0.0001

.0187 0.0503 0.1371 0.1371

.0000 0.0001 0.0004 0.0004

.8302 0.0000 0.0001 0.0001

.0000 0.0000 4.4904 5.85 × 10−5

.51 × 10−6 0.0000 3.4977 4.56 × 10−5

.0000 0.0000 1.6918 2.20 × 10−5

.29 × 10−6 0.0000 0.3201 4.17 × 10−6

– 0.1494 –
– 75 –
– 6.68 × 10−4 –
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he flow model for the UASB reactor was based on the one pre-
ented by Bolle et al. [6], with the very important modification
hat takes into account the change in the bed and blanket volumes
n non-steady state.

Many of the parameters used in the UASB reactor flow
odel are quite critical for an accurate simulation, but they

ack equations and guidelines to their calculations. The dragging
fficiency, ηdr, of the sludge is the most important parameter
o be measured and/or estimated. The simulated results pre-
ented many considerable differences to the experimental values
resented by Bolle et al. [6]. The EGSB reactor flow model
as based on the experiments related by Brito and Melo [9].
lthough the model lacks a more definite method on how to

reat the sludge behavior and discharge, the simulated results
ere quite close to the ones obtained by the experimental results

hown in Kato et al. [13] and Brito and Melo [9].
Overall, the proposed model can predict the performance of

naerobic digesters. Moreover, the framework allows the inte-
ration of different kinetic and flow representations.
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