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Abstract
Aeration by airflow technology is a reliable method to accelerate waste biodegradation and stabilization and hence shorten
the aftercare period of a landfill. To simulate hydro-biochemical behaviors in this type of landfills, this study develops a
model coupling multi-phase flow, multi-component transport and aerobic-anaerobic biodegradation using a computational
fluid dynamics (CFD) method. The uniqueness of the model is that it can well describe the evolution of aerobic zone,
anaerobic zone, and temperature during aeration and evaluate aeration efficiency considering aerobic and anaerobic
biodegradation processes. After being verified using existing in situ and laboratory test results, the model is then employed
to reveal the bio-stable zone development, aerobic biochemical reactions around vertical well (VW), and anaerobic
reactions away from VW. With an increase in the initial organic matter content (0.1 to 0.4), the bio-stable zone expands
at a decreasing speed but with all the horizontal ranges larger than 17 m after an intermittent aeration for 1000 days. When
waste intrinsic permeability is equal or greater than 10−11 m2, aeration using a low pressure between 4 and 8 kPa is
appropriate. The aeration efficiency would be underestimated if anaerobic biodegradation is neglected because products of
anaerobic biodegradation would be oxidized more easily. A horizontal spacing of 17 m is suggested for aeration VWs with
a vertical spacing of 10 m for screens. Since a lower aeration frequency can give greater aeration efficiency, a 20-day
aeration/20-day leachate recirculation scenario is recommended considering the maximum temperature over a reasonable
range. For wet landfills with low temperature, the proportion of aeration can be increased to 0.67 (20-day aeration/10-day
leachate recirculation) or an even higher value.
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Introduction

Landfills are the most widely used facility for disposing mu-
nicipal solid waste (MSW) all around the world. It generally
takes a long period of time and a high cost of post-closure
aftercare for these landfills to reach biological stabilization
state. To promote waste stabilization, one of the common
technologies is to introduce additional air (or moisture) into
landfills, which are called aerobic (or anaerobic) bioreactor
landfills. Compared with anaerobic reaction, organic matters
in aerobic condition can be degraded more completely at a
much higher reaction rate, giving a better leachate quality as
well (Grisey and Aleya 2016; Liu et al. 2018a). Therefore, this
technique attracts increasing attention in recent years and has
been successfully applied to several landfills in Europe (Raga
et al. 2015; Ritzkowski et al. 2016), North America (Ko et al.
2013), Austria (Hrad and Huber-Humer 2017), and Asia (Liu
et al. 2018b).
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MSW is composed of leachate, gas, and solid skeleton.
Leachate-gas flow in landfill is essentially a process of
coupled multi-phase fluid flow in porous media and has been
simulated using various tools (e.g., Reddy et al. 2012; Ng et al.
2015; Feng et al. 2017a). Since anaerobic landfills are more
common, great efforts have been made to simulate the hydro-
biochemical processes in this type of landfill (McDougall
2007; White 2008; Hubert et al. 2016; Feng et al. 2018;
Park et al. 2018). Overall, researches of anaerobic landfills
are relatively advanced in the past decade.

On the other hand, some efforts have also been made to
simulate the hydro-biochemical behaviors of MSW under
aerobic condition. Haarstrick et al. (2004) proposed a bio-
chemical model for waste biodegradation which can sim-
ulate the fate of carbon compounds in aerobic or anaero-
bic condition. Kim et al. (2007) created a more realistic
compartment model for waste biodegradation considering
heat generation and the fate of nitrogen and carbon com-
pounds in aerobic or anaerobic condition. However, the
above two models cannot consider the spatial hydro-
biochemical behavior in a large zone. To explore the spa-
tial hydro-biochemical behavior, Fytanidis and Voudrias
(2014) developed a numerical model for landfill aeration
by vertical wells (VWs) considering multi-phase flow and
multi-component transport, but a one-stage aerobic bio-
degradation model was adopted which would underesti-
mate the aeration efficiency. Omar and Rohani (2017)
simulated the conversion of a landfill which was operated
from anaerobic condition to aerobic condition, but the
model is one-dimensional (1D) with a constant organic
content. Cao et al. (2018) adopted a two-stage aerobic
and anaerobic biodegradation model to study the hydro-
biochemical processes in a 3D aerobic-anaerobic hybrid
bioreactor landfill. However, they artificially stopped the
anaerobic degradation during aeration and neglected heat
production and transfer, which gives rise to a grave con-
cern of high temperature and explosion risk in an aerobic
landfill. Until now, no numerical model can address all
the abovementioned shortcomings, and hence, the devel-
opment of aerobic zone in anaerobic environment is still
unclear as well as temperature distribution and aeration
efficiency.

The first objective of this paper is to develop a numer-
ical model which couples aerobic-anaerobic biodegrada-
tion, multi-phase flow, multi-component transport, and heat
transfer. The second objective is to give insight into the
development of aerobic zone in anaerobic environment.
The final objective is to investigate the effects of waste
properties (initial content of organic matters and intrinsic
permeability) and aeration design parameters (pressure,
well depth, and frequency) on hydro-biochemical behav-
iors during aeration in terms of aeration efficiency and
influence zone.

Model development

VW is one of the most widely used methods of low pressure
aeration (normally 2 kPa to 8 kPa), especially for old landfills
to accelerate the landfill stabilization (Ritzkowski and
Stegmann 2012). As shown in Fig. 1a, a low-permeability
cover system is used to isolate the flow to the atmosphere;
thus, the top surface of the landfill is simplified as a zero flux
boundary. Given the periodically spaced VWs, the lateral
boundary is assumed as impermeable for leachate and gas.
The bottom is set as a free drainage boundary to enable the
leachate collection by the leachate collection and removal sys-
tem (LCRS) with 3% slope. The landfill height and VW depth
areH0 andHw, respectively. There is an uprated machine at the
landfill surface which can provide the motive force for air
compression and injection, and the air is injected into the
landfill through a Hs long screen at the bottom of VW.

Under normal waste disposal condition, an anaerobic envi-
ronment is dominant in landfill. With the air addition, the
anaerobic zone around air injection wells is switched to an
aerobic environment first because of the expansion of oxygen.
The organic matters in waste and products of anaerobic bio-
degradation can both react with oxygen. Thus, both aerobic
and anaerobic reactions exist in an aerobic bioreactor landfill,
and which one happens in a specific area depends on the
oxygen pressure (Kim et al. 2007). In the rest part of this
section, the governing equations for multi-phase flow, multi-
component transport, and aerobic-anaerobic biodegradation
will be introduced, followed by the solution procedures.

Multi-phase flow equations

The governing equations of multi-phase flow are formulated
by introducing the concept of phasic volume fraction (αq),
which represents the ratio of the volume occupied by phase
q (Vq) to the total void volume. Vq can be described as follows:

Vq ¼ ∫
V
αqdV ð1Þ

where

∑
q¼leachate;gas

αq ¼ 1 ð2Þ

For phase q, the mass continuity equation is expressed as

∂
∂t

nαqρq
� �

þ ∇⋅ nαqρqvq
!� �

¼ nSq ð3Þ

where n is the total porosity of MSW (dimensionless), ρq is
the density of phase q (kg m−3), t is the time (s), vq! is the
velocity of phase q (m s−1), and Sq is the source/sink term of
phase q (kg m−3 s−1).
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Fig. 1 a Schematic diagram of
aerobic bioreactor landfill with
aeration well. b Biodegradation
processes in the landfill
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The momentum conservation for phase q is described as

∂
∂t

nαqρqvq
!� �

þ ∇⋅ nαqρqvq
!vq!

� �

¼ −nαq∇pq þ ∇n τ¼þnαqρq g
!−α2

q

μq

k ikr
vq!−nαq∇pc ð4Þ

where pq is the pressure for phase q (Pa; l for leachate and g
for gas), pc is the capillary pressure (Pa), τ¼ is the shear stress
tensor (Pa), g is the acceleration of gravity (m s-2), μq is the
dynamic viscosity of phase q (kg m−1 s−1), ki is the intrinsic
permeability (m2), and kr is the relative permeability
(dimensionless).

The capillary pressure term nαq ∇ pc only exists in the
equation of leachate phase, and pc can be described by the
van Genuchten-Mualem (VGM) model (Reichenberger et al.
2006):

pc ¼ −
ρlg
αvg

Se
− 1
mvg−1

� � 1
nvg ð5Þ

where ρl is the density of leachate phase (kgm
−3),αvg is the

VGM parameter related to the air entry pressure (Pa−1), mvg

and nvg are the van Genuchten constants, and Se is the effec-
tive degree of saturation which can be expressed as

Se ¼ αl−αlr

αls−αlr
ð6Þ

where αl, αlr, and αls are the volume fraction, residual
volume fraction, and maximum volume fraction of leachate
phase, respectively.

To describe the conservation of energy in Eulerian multi-
phase applications, this study adopts a separate enthalpy equa-
tion for each phase

∂
∂t

αqρqhq
� �

þ ∇⋅ nαqρqhqvq
!� �

¼ αq
∂ρq
∂t

þ τ
¼

: ∇vq!−∇qq
!þ ∑Ri

• −ΔHbð Þi• þ Qpq ð7Þ

where hq is the specific enthalpy of phase q, qq
! is the heat

flux, Ri
• is the reaction rate (kmol day−1 m−3), ΔHb is the

reaction heat (MJ kmol−1) (Table 1), and Qpq is the intensity
of heat exchange between phases.

Multi-component transport equations

In this study, leachate phase contains five components: vola-
tile fatty acid (CH3COOH) abbreviated as VFA and four kinds
of biomass (CH1.5O0.3N0.24), and gas phase contains four
components: O2, CO2, CH4, and N2. A convection-diffusion

equation is adopted herein to describe the transport of these
components

∂
∂t

ρqY i

� �
þ ∇⋅ ρqvq

!Y i

� �
¼ −∇⋅ J i

!þ Ri ð8Þ

where Yi represents the mass fraction of component i in
phase q, Ri is the source/sink term of component i in biochem-

ical reactions (kg m−3 s−1), and J i
!

is the diffusion flux of
component i due to the concentration gradient, and the mass
diffusion is modeled using Fick’s law:

J i
!¼ −ρqDi∇Y i−DT ;i

∇T
T

ð9Þ

where Di is the mass diffusion coefficient for component i
in the mixture,DT,i is the thermal diffusion coefficient, and T is
the temperature.

Aerobic-anaerobic biodegradation

As mentioned earlier, Kim et al. (2007) proposed a com-
prehensive compartment model of the biodegradation of
organic matters in aerobic, anaerobic, or semi-aerobic
landfills, which switches between anaerobic and aerobic
conditions depending on the local oxygen pressure. This
model has proved to be able to well describe the hydro-
biochemical behaviors of MSW. This study combines it
with a computational fluid dynamics (CFD) technique to
model the spatial hydro-biochemical behaviors during aer-
ation. Anaerobic reactions and aerobic reactions in Fig. 1b
are termed as BAN^ and BA^, respectively. These reactions
can be classified into three categories: hydrolysis (termed
as ANI), methanation from VFA (termed as ANII) and
from CO2 and H2 (termed as ANIII), and oxidation from
organic matter (termed as AI), from VFA (termed as AII),
and from CH4 (termed as AIV). The subscripts represent
substrates of each reaction, namely BI^ for organic matter,
BII^ for VFA, BIII^ for CO2 and H2, and BIV^ for CH4. In
Table 1, negative and positive stoichiometric coefficients
indicate reactants and products. Waste is viewed as an
assembly of solid, liquid, and gas phases. The solid phase
is d iv ided in to degradab le organic mat te r and
undegradable part, and the degradable organic matter is
simplified as C(H2O)5/6 from a perspective of cellulose.
In leachate phase, the growth of biomass depends on sub-
strates of reactions (AI, ANI, ANII, and ANIII) and partial
pressure of O2, and some reactions (AII and AIV) occur
independent of biomass.

Reactions with biomass growth

For concentrations of substrates C(H2O)5/6 (termed as SI)
(kmol m−3 cell), CH3COOH (termed as SII) (kmol m−3 liquid),
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and CO2 and H2 (termed as SIII) (kmol m−3 gas), their tempo-
ral changes can be formulated as

dSI
dt

¼ −
RG
AI

YAI
ð10Þ

dSI
dt

¼ −
RG
ANI

YANI
ð11Þ

αl
dS j

dt
¼ −

RG
AN j

YAN j
j ¼ II; IIIð Þ ð12Þ

where RG
AI and RG

ANI are the growth rates of biomass for the

reactions BAI^ and BANI^ (kmol day−1 m−3 cell), RG
AN j is the

growth rate of biomass for Sj under an anaerobic (subscript
BANj^) environment (kmol day−1 m−3 cell), and Y• represents
the yield coefficient with subscripts of AI, ANI, and ANj for
different scenarios (dimensionless) (Kim et al. 2007) (Table 2).

The growth rates of biomass are expressed as

RG
AI ¼ ηAIμAIXAI ð13Þ

RG
AN j ¼ ηAN jμAN jXAN j j ¼ I; II; IIIð Þ ð14Þ

where μ•, X•, and η• are the specific growth rate of biomass
(day−1), the concentration of biomass (kmol m−3 cell), and the

environmental inhibition factor with different subscripts
representing different scenarios. For example, μANj is the spe-
cific growth rate of biomass for Sj under an anaerobic envi-
ronment (day−1). The environmental inhibition factor η• is
estimated by multiplying the temperature factor (fT) and mois-
ture content factor (fθ) (Kim et al. 2007)

f T ¼
(

0 T < 293:15Kð Þ
e−6150=T=e−6150=303 293:15K≤T < 313:15Kð Þ

1:9 313:15K≤T < 323:15Kð Þ
1:9� e−7460=T=e−7460=323 323:15K≤T < 333:15Kð Þ

3:8 333:15K≤T < 343:15Kð Þ
3:8� e110;000=T=e110;000=343 343:15K≤T < 348:15Kð Þ

0 348:15K≤Tð Þ
ð15Þ

f θ ¼

0 αl < 0:1ð Þ
αl−0:1ð Þ � 10 0:1≤αl < 0:2ð Þ
1:0 0:2≤αlð Þ for reaction AN j

1:0 0:2≤αl < 0:35ð Þ for reaction AI

3:33−αl � 6:67 0:35≤αl < 0:5ð Þ for reaction AI

0 0:5≤αlð Þ for reaction AI

8>>>>>><
>>>>>>:

ð16Þ

Table 1 Stoichiometric coefficients of biochemical reactions from Kim et al. (2007)

Reaction AI ANI AII ANII ANIII AIV A-biomass decay AN-biomass decay Methanogenic biomass decay

C(H2O)5/6 − 1 − 1

CH1.5O0.3N0.24 +YAI +YANI +YANII +YANIII − 1 − 1 − 1
O2 − 0.687 − 1 − 2 − 1.045
H2O + 0.716 − 0.493 + 2 + 0.033 + 1.985 + 1 + 0.390 − 1.700 − 0.655
CH3COOH + 0.167 − 1 − 0.5 + 0.500

CO2 + 0.700 + 0.467 + 2 + 0.476 − 1 + 1 + 1 + 0.5 + 0.478

H2 + 1.203 − 3.905 + 1.090

CH4 + 0.474 + 0.950 − 1 + 0.673

NH3 − 0.072 − 0.240 − 0.012 − 0.012 + 0.24 + 0.24 + 0.24

−ΔHb (MJ kmol−1) + 460 + 110 + 460 − 16 + 250 + 460 + 36 + 46.3

Table 2 Parameters for biochemical reactions from Kim et al. (2007)

Reaction process μmax (day
−1) Y K kO2 (MPa) k

AI 1.0 0.3 0.02 × 0.1013 6.7 (kmol m−3 cell)

ANI 0.02 0.2 1.7 (kmol m−3 cell)

AII 0.005 (kmol day−1 m−3 liquid) 0.02 × 0.1013 0.02 (kmol m−3 liquid)

ANII 0.2 0.05 0.05 (kmol m−3 liquid)

ANIII 0.2 0.05 0.3 × 0.1013 (Pa)

AIV 6.48 × 10−5 (kmol day−1 kg−1) 0.012 × 0.1013

Environ Sci Pollut Res (2019) 26:15229–15247 15233



Based on the Monod model, the specific growth rates (μAI
and μANj) can be expressed as

μAI ¼ μmax
AI

SI
kAI þ SI

þ PO2

kO2;I þ PO2

ð17Þ

μAN j
¼ μmax

AN j

S j

kAN j þ S j
j ¼ I; IIð Þ ð18Þ

μANIII ¼ μmax
ANIII

PH2

kANIII þ PH2

ð19Þ

where μmax
• is the maximum specific growth rate (day−1);

kAI, kAN j , and kANIII are the Monod saturation constants under

aerobic condition (subscript AI) and anaerobic condition (sub-
scripts ANj and ANIII); kO2;I is the O2 saturation constant for
C(H2O)5/6 (termed as SI) (Table 2); and PO2 and PH2 are the
partial pressures of O2 and H2 (Pa) (Kim et al. 2007).

Growth and decay of biomass

The change rate of biomass in each reaction is

dX •

dt
¼ RG

• −R
D
• • ¼ AI;ANI;ANII;ANIIIð Þ ð20Þ

where RD
• is the decay rate of biomass (kmol day−1 m−3

cell) (Kim et al. 2007)

RD
• ¼ 0:05•μmax

• X •−X ini
•

� �
• ¼ AI;ANI;ANII;ANIIIð Þ ð21Þ

where X ini
• represents the initial concentration of biomass

(kmol m−3 cell).

Reactions without biomass growth

Reactions AII and AIVare described by the Michaelis-Menten
kinetics as

dSII
dt

¼ KAIISII
kAII þ SII

PO2

kO2;II þ PO2

ð22Þ

dSIV
dt

¼ −ηAIII
KAIIIPCH4

kPCH4 þ PCH4

PO2

kO2;IV þ PO2

ð23Þ

where K• is the reaction rate constant for VFA oxidation
(subscript AII) (kmol day−1 m−3 liquid) or methane oxidation
(subscript AIV) (kmol day−1 kg−1) (Table 2); kAII is the
Monod saturation constant of oxidation reaction of VFA;
PCH4 and kCH4 are the partial pressure of CH4 (Pa) and the
saturation constant for CH4, respectively; and kO2;II and kO2;IV

are the O2 saturation constants for CH3COOH (termed as SII)
and CH4 (termed as SIV), respectively. ηAIII is the environmen-
tal inhibition factor considering fT and fθ (Ng et al. 2015) as
follows:

f T ¼
0:0142T T < 288:15 Kð Þ

0:112T−1:47 288:15 K≤T < 306:15 Kð Þ
2:235−0:18 T−33ð Þ 306:15 K≤Tð Þ

8<
: ð24Þ

f θ ¼
0 αl < 0:25ð Þ
nαl−0:15
0:2−0:15

0:25≤αl < 0:33ð Þ
1 0:33≤αlð Þ

8><
>: ð25Þ

Solution procedures

This model is solved by utilizing the CFD technique based on
the ANSYS Fluent platform (ANSYS 2009). User-defined
functions (UDFs) are embedded into the platform to define
the aerobic/anaerobic biodegradation processes. A segregated
solver and a pressure-velocity coupling method are adopted.
First, based on the initial pressure, the momentum conserva-
tion equation (Eq. 4) is solved to update velocity. Then, the
continuity equation (Eq. 3) is solved to correct pressure.
Finally, the energy conservation equation (Eq. 7), multi-
component transport equations (Eqs. 8 and 9), and aerobic-
anaerobic biodegradation equations (Eqs. 10–25) are solved.
The detailed solving procedures are shown in Fig. 2. In this
model, if the scaled residuals of variables in all the governing
equations decrease to 10−3, the convergence criteria are satis-
fied. The expression and monitoringmethod of scaled residual
are concretely introduced in ANSYS (2009).

Fig. 2 Solution procedures of the model
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Model verification

Liu et al. (2018b) monitored the partial pressures of O2 and
CH4 and temperature in the first aerobic landfill in China. The
reported in situ data is adopted to test the performance of the
present model. The MSWwas 14 m thick and covered by a 3-
m-thick clay layer as the final cover, and the air injection rate
was 93 m3 h−1 for single well. Herein, the aeration system is
simplified as an axisymmetric model with air injection well.
The well has a depth of 14 m from the final cover surface, a
diameter of 5 cm, and a screen length of 1 m. The initial
concentrations of biomass and VFA, which were not provided
by Liu et al. (2018b), are adopted from Table 3. The other
needed parameters are enclosed in Table 4 and Fig. 3. The
lateral boundary is fixed at the atmospheric pressure to simu-
late the gas collection system. As shown in Fig. 3, the partial
pressures of O2 and CH4 and temperature calculated by the
proposed model agree with the reported data reasonably well.

Since the detailed biodegradation information was not re-
ported by Liu et al. (2018b), the laboratory experimental data
reported by Lavagnolo et al. (2018) is adopted to verify the
performance of the present model in describing aerobic-
anaerobic biodegradation processes. They filled waste in two
lysimeters (height of 1 m, inner diameter of 24 cm) and mon-
itored the partial gas pressures under anaerobic and aerobic
conditions for about 90 days, respectively. The lysimeters
were irrigated with a rate of 0.9 L day−1. Similarly, the initial
concentrations of biomass and VFA are adopted from Table 3,
and the other needed parameters are enclosed in Table 4 and
Fig. 4. The partial pressures of CH4, CO2, and O2 calculated
by this model closely match the data of Lavagnolo et al.
(2018) (Fig. 4). There is a difference in the partial pressure
of CO2 under an anaerobic condition during the first 30 days
(Fig. 4a) because the waste used for the laboratory test came
from an aerobic environment, giving a short-term aerobic bio-
degradation process in the first 30 days. Thus, the proposed

model can reasonably simulate complicated hydro-
biochemical processes in an aerobic bioreactor landfill and is
now used to investigate the influences of some important fac-
tors in the following part.

Results and discussion

Input information

The computational domain is axisymmetric with a height (H0)
of 30 m and a radius of 40 m (Fig. 5a). AVW is placed at the
center of the computational domain for aeration and its depth
(Hw = 0.4 and H0 = 12 m) unless focusing on the influence of
VW depth. The screen length of VW (Hs) is equal to 1.2 m,
and the well diameter (d) is equal to 0.15 m (Ko et al. 2013;
Liu et al. 2018b). In this study, intermittent aeration of 10-day
aeration/10-day leachate recirculation is used with the aeration
duration equal to half of the total period unless when explor-
ing the impact of operation manner. The computational do-
main is discretized into grid with a cell size ranging from 0.01
to 2.11 m2. The initial mass fraction of cellulose before aera-
tion (C0) is assumed as 0.3 to represent an old landfill reaching
the final stage of anaerobic biodegradation. An anisotropy
coefficient (A) of 10 is adopted here, defining the ratio of
horizontal intrinsic permeability (kh) to vertical intrinsic per-
meability (kv) (Stoltz et al. 2010). The other needed input
parameters are summarized in Tables 2, 3, and 4.

Influence of aerobic biodegradation

This model adopts an aerobic-anaerobic biodegradation mod-
ule to investigate the evolution of anaerobic zone (PO2 is low-
er than 100 Pa) and aerobic zone (PO2 is greater than 100 Pa)
during aeration, which has not been studied in previous stud-
ies. As shown in Fig. 5a, the aerobic zone consists of two

Table 3 Biochemical parameters
for landfill Parameter Value Reference

Initial concentration of VFA (kg m−3 liquid) 1.00 McDougall (2007)

Initial partial pressure of CO2 in gas phase
(%)

50.0 Hrad and Huber-Humer
(2017)

Initial partial pressure of CH4 in gas phase
(%)

50.0

Initial partial pressure of O2 in gas phase (%) 0

Initial partial pressure of N2 in gas phase (%) 0

Initial mass fraction of C(H2O)5/6 0.3 Kim et al. (2007)
Initial concentration of CH1.5O0.3N0.24 XAI = 0.1YAISI

XANI = 0.01YANISI
XANi = 0.0095YANiSi (i = II,

III)

Initial temperature of landfill (K) 308.15 Liu et al. (2018b)

Environ Sci Pollut Res (2019) 26:15229–15247 15235



parts: one is the bio-stable zone, where the cellulose has been
largely degraded, and the other is the SI oxidation zone, where
the AI reaction is quite active. The bio-stable zone can be
explained by a much faster rate (almost five times) of aerobic
degradation (a maximum rate of about 1.3 × 10−5 kg m−3 s−1)
than that of anaerobic degradation (a maximum rate of about
2.8 × 10−6 kg m−3 s−1). As air injection continues, the increase
in oxygen concentration expands the aerobic zone into the
anaerobic zone (Fig. 5a, b). Figure 5c gives the migration of
the recirculated leachate which flows downwards under grav-
ity with time. At around t = 600 days, the recirculated leachate
reaches the bottom and moves along the bottom slope before
being collected by the LCRS (marked by BOutlet^).

Figure 6 also gives the distribution of partial pressure of
each component (O2, CO2, and CH4), which can reflect the
distribution of each reaction rate. After aeration for 200 days,
partial pressure of O2 reaches 0.21 in the bio-stable zone (red
zones in Fig. 6a) as the cellulose in this area has been largely
oxidized and the consumption of O2 is rather weak. At the edge
of aerobic zone, oxygen concentration declines gradually. The
reason is that with the expansion of aerobic zone, the cellulose,
VFA, and methane in the anaerobic zone are exposed to oxy-
gen, inducing oxidation reactions (AI, AII, and AIV). The par-
tial pressures of CH4 and CO2 in most part of anaerobic zone
(red zone in Fig. 6c) are both about 50%which agree well with
in situ results (Hrad and Huber-Humer 2017), except for a
higher partial pressure of CO2 at the edge of the zone (e.g.,
red zone in Fig. 6b). It increases because the CH4 produced by
methanation (ANII and ANIII) is oxidized (AIV) at the edge of
anaerobic zone but the amount of CO2 remains unchanged.

Influence of initial organic matter content

Aeration is mostly applied to old landfills where the anaerobic
process of waste comes to the end and the remaining amount
of degradable organic matters would directly affect the re-
quired duration of aeration. Kitchen waste plays an essential
role in the waste compositions in China, but paper, wood, and
fiber dominate in most developed countries (Townsend et al.
2015; Feng et al. 2017b). Therefore, to consider the difference

of waste composition in different countries, four values of
initial mass fraction of cellulose for aeration C0 (0.1, 0.2,
0.3, and 0.4) are adopted for studying its influence on the
horizontal range of bio-stable zone (Dhs). The bio-stable zone
expands over time, and the expansion speed increases with
decreasing C0 given the same elapsed time (Fig. 7). For ex-
ample, aC0 of 0.1 needs much less time forDhs reaching 15m
(400 days) than a C0 of 0.4 (800 days). Besides, the bio-stable
zone expands slowly after aeration for about 400 days. For
example, when C0 is equal to 0.1, theDhs reaches 15 m for the
first 400 days and increases by 5 m for 600 more days.
Therefore, C0 is important for operators to properly design
aeration time and horizontal spacing of aeration wells. If C0

is equal to 0.3, the cellulose content at 1 m horizontally away
from the well screen rapidly decreases to zero within 30 days
because the area near the aeration inlet is in an optimal aerobic
environment. However, for the area located at 10 m horizon-
tally away, its cellulose content slowly decreases following
anaerobic reactions in the first 200 days and, after that, it is
completely oxidized within 80 days due to the arrival of the
injected oxygen. The gradients of the curve before and after
200 days represent the anaerobic and aerobic degradation rates
which prove a much higher consumption rate of cellulose in
the aerobic environment.

Figure 8 depicts the temporal changes in the mass fraction
of cellulose, concentrations of VFA and biomass for hydroly-
sis from cellulose (XANI), and methanation from VFA (XANII)
in the area which is located at 40m horizontally away from the
well screen, giving a completely anaerobic environment. For
C0 = 0.4, the mass fraction of cellulose decreases by 0.4 to 0.3
for 336 days of anaerobic reactions, to 0.2 for 224 more days,
and finally, to 0.1 for 382 more days, which give an average
value of 314 days for a decrease of 0.1 in the mass fraction of
cellulose in an anaerobic environment (Fig. 8a). A value of
224 days implies faster anaerobic degradation of cellulose
from a mass fraction of 0.3 to 0.2 than that from 0.4 to 0.3
and from 0.2 to 0.1. The reason is that the hydrolysis biomass
(XANI) increases over time to a peak value of 0.42 mol L−1 in
the first 350 days and, after that, it decreases due to a decrease
in cellulose content. The concentration of VFA increases

Table 4 Hydraulic parameters
adopted in this study Parameter Value Reference

Density of MSW (kg m−3) 600 Powrie and Beaven (1999); Stoltz et al. (2010)
kv (m

2) 1.0 × 10−10~1.0 × 10−13

A 10

n 0.6 White et al. (2015)
nvg 2.4

mvg 0.58

αvg (kPa
−1) 1.5

αl 0.2

αlr 0.15
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rapidly to a peak value of 0.163 mol L−1 in the first 100 days
(Fig. 8b) because of a relatively strong hydrolysis reaction
(ANI). It then significantly decreases to a concentration lower
than 0.01 mol L−1 and maintains this level over time due to an
increased concentration of XANII, which is several thousand

times the initial value. The same tendency for VFA curve has
also been reported by McDougall (2007) and Kim et al.
(2007). Besides, the peak of methanation biomass (XANII)
concentration occurs about 400 − 350 = 50 days later than
that of hydrolysis biomass (XANI) concentration.
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Influence of intrinsic permeability and aeration
pressure

Intrinsic permeability, measured by in situ or laboratory
tests (Powrie and Beaven 1999; Stoltz et al. 2010), is the

most important parameter that affects the fluid flow in
waste and hence the efficiency of low pressure aeration.
It should be noted that the intrinsic permeability mainly
decreases with an increasing degree of compaction
(Reddy et al. 2009). The change in porosity caused by

0 15 30 45 60 75 90

0

10

20

30

40

50

60

Density of MSW = 500 kg/m3

k
v
 = 1×10-11 m2, A = 2

)
%(

erusserplaitraP

Time (day)

Irrigating rate of water = 0.9 L/day
Initial saturation of leachate = 0.6
Initial mass fraction of cellulose = 0.26

This model:
 CH

4
 CO

2
 O

2

Lavagnolo et al. (2018):
 CH

4
 CO

2
 O

2

0 15 30 45 60 75 90

0

5

10

15

20

25

30

)
%(

erusserplaitraP

Time (day)

Irrigating rate of water = 0.9 L/day
Initial saturation of leachate = 0.6
Initial mass fraction of cellulose = 0.26

Density of MSW = 500 kg/m
3

k
v
 = 1×10

-11
 m

2, A = 2

This model:
 CH

4
 CO

2
 O

2

Lavagnolo et al. (2018):
 CH

4
 CO

2
O

2

(b)

(a)Fig. 4 Comparison between the
simulation results and the
laboratory test data reported by
Lavagnolo et al. (2018). a Partial
pressures of different components
under anaerobic condition. b
Partial pressures of different
components under aerobic
condition

15238 Environ Sci Pollut Res (2019) 26:15229–15247



biodegradation also alters the intrinsic permeability.
However, since the composition and settlement of MSW
in old landfills are nearly stable (Townsend et al. 2015;
Hrad and Huber-Humer 2017; Liu et al. 2018b), the intrin-
sic permeability slightly changes during aeration. Thus, the
intrinsic permeability is assumed to be constant during aer-
ation. For an aeration pressure of 6 kPa, the bio-stable zone
increases with an increase in kv from 10−13 to 10−10 m2 as
expected (Fig. 9a). When kv is equal to 10−13 m2, the hor-
izontal range of bio-stable zone (Dhs) is lower than 8 m
after aeration for 1000 days, which would induce an accu-
mulation of oxygen and an increased pressure impeding
oxygen injection, giving a risk of high temperature. The
Dhs increases to about 22 m for kv = 10−11 m2 and 27 m
for kv = 10−10 m2 after aeration for 1000 days. For the total

oxygen consumption rate of cellulose oxidation (AI), it
increases over time at a decreased rate and then decreases
due to a significant consumption of cellulose, especially for
kv > 10−11 m2 (Fig. 9b). The maximum oxygen consump-
tion rate decreases from 0.22 to 0.01 L s−1 as kv decreases
from 10−10 to 10−13 m2 which further confirms the ineffi-
ciency of aeration when kv was equal to 10−13 m2. Thus,
air injection is not suggested if kv is lower than 10−13 m2.

A low pressure of 2 kPa to 8 kPa is suggested for aer-
ation by Ritzkowski and Stegmann (2012) and has been
widely used in aerobic landfills (Ritzkowski and
Stegmann 2013; Raga and Cossu 2014; Hrad and Huber-
Humer 2017). With an increase in aeration pressure, the
horizontal range of bio-stable zone at t = 1000 days in-
creases as expected (Fig. 10), and almost linear curves

(a) Aerobic reaction rate of C(H2O)5/6 (SI) during AI

(b) Anaerobic reaction rate of C(H2O)5/6 (SI) during ANI

(c) Leachate saturation
Fig. 5 Temporal and spatial distributions of a reaction rate of AI, b reaction rate of ANI, and c leachate saturation
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are observed. In the rest part, an injection pressure of 6 kPa
is used.

In Fig. 10, another scenario is also investigated, namely the
anaerobic reactions ANI (hydrolysis), ANII (methanation),
and ANIII (methanation) that are turned off. The comparison
of results between the scenario considering anaerobic biodeg-
radation and that without considering anaerobic biodegrada-
tion reveals that Dhs is significantly underestimated if all cel-
luloses in waste are oxidized directly by the injected oxygen
without anaerobic biodegradation processes. The fact in aero-
bic landfills is that part of cellulose is hydrolyzed first (ANI)
and then the products of anaerobic biodegradation (VFA and
CH4) are oxidized (AII and AIV). Compared with cellulose
being oxidized directly, the oxidation rates of VFA and CH4

are much faster, which means that anaerobic biodegradation is
essential for the simulation of aeration in landfills.

Influence of vertical well depth

Closed landfills are generally tens of meters deep, and arrang-
ing aeration VWs at different depths would allow the devel-
opment of an even distribution of injected oxygen in the ver-
tical direction. The shape of bio-stable zone varies with dif-
ferent VW depths due to the existence of landfill boundaries.
Figure 11 gives the horizontal and vertical ranges of bio-stable
zone for Hw/H0 = 0.2, 0.4, 0.6, and 0.8 (Hs/Hw = 0.1 and
elapsed time = 1000 days). The horizontal range (Dhs) essen-
tially remains stable around 17.5 m untilHw/H0 > 0.6 and then
increases to 19.8 m for Hw/H0 = 0.8 because the bottom liner
system obstructs the gas flow in vertical direction. For the
vertical range (Dvs), it increases to a maximum value of 13.4
m at Hw/H0 = 0.4 and then gradually decreases to 10.3 m at
Hw/H0 = 0.8 due to the obstruction of gas induced by bottom

(a) Partial pressure of O2

(b) Partial pressure of CO2

(c) Partial pressure of CH4

Fig. 6 Temporal and spatial distributions of partial pressures of a O2, b CO2, and c CH4
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boundary. Thus, a horizontal spacing of 17 m is suggested for
aeration VWs with a vertical spacing of 10 m for screens in
Fig. 11.

Influence of aeration frequency

Intermittent aeration combined with leachate recirculation has
proved to be an appropriate option for aerobic bioreactor land-
fills (Powell et al. 2006; Öncü et al. 2012; Tran et al. 2014;
Townsend et al. 2015; Nag et al. 2018) since leachate recircu-
lation can decrease waste temperature and guarantee the es-
sential moisture content for aerobic biodegradation. The tem-
perature of waste will increase with the duration of aeration
which has an adverse impact on the safety of landfills; thus,
aeration frequency is an important design parameter. On the
other hand, aeration with a too high frequency has proved to
be inefficient because too much recirculated leachate would
obstruct gas flow in waste.

Within 1 cycle of aeration and recirculation (1:1), the max-
imum temperature in landfills generally increases during aer-
ation and then decreases during recirculation (Fig. 12a). For
an aeration duration of 50 days, there is a decrease in the
maximum temperature before leachate recirculation mainly
due to the expansion of aerobic zone (Fig. 5a) and hence heat
transfers into a low-temperature region easily. Using an inter-
mittent aeration of 20 days/20 days and 50 days/50 days, the
maximum temperature would increase to a peak of 328 K by
about 20K in Fig. 12a, while the peak value is 324 Kwhen the
duration of aeration is 10 days. In terms of explosion, this
temperature (328 K) is relatively safe (Townsend et al. 2015)

but operators should pay attention to the increase in tempera-
ture because the initial temperature in landfills may be higher
than 308 K. The decrease in maximum temperature during
leachate recirculation is significant when using aeration fre-
quencies of 10 days/10 days and 20 days/20 days (about 8 K).
However, the cooling effect is unsatisfactory when the dura-
tion of aeration is 50 days, and the maximum temperature only
drops by 3 K during the recirculation stage because, when
aeration time is 50 days, the aerobic zone is too big and leach-
ate cannot cool the whole high-temperature zone during the
recirculation stage.

With a decrease in aeration frequency from 5 days/5 days to
50 days/50 days, the cumulative oxygen consumption by re-
action AI shows an increase by 38% in 800 days (Fig. 12b).
During recirculation, the oxygen consumption almost remains
unchanged (enlarged view in Fig. 12b) and the leachate satu-
ration increases. However, when aeration restarts, the aeration
pressure would make the recirculated leachate flow away,
which is called Bleachate re-discharge.^ A higher frequency
(i.e., scenario of 5 days/5 days) of leachate re-discharge
caused by aeration pressure would impede oxygen flow and
hence cellulose oxidation and oxygen consumption.
Therefore, a lower aeration frequency is preferred in terms
of aeration efficiency.

The horizontal range of bio-stable zone (Dhs) increases
with an increase in the duration of aeration (Fig. 13), namely
a decrease in aeration frequency, which is consistent with the
results in Fig. 12b. Dhs significantly increases with the aera-
tion duration increases from 5 days to 20 days and then only
slightly increases with a further increase of aeration duration.
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Considering that aeration is more effective in accelerating bio-
degradation compared to leachate recirculation, the duration
of aeration could be increased, giving another operation pat-
tern: aeration/leachate recirculation is 1:0.5. TheDhs increases
by about 3 m in average using this operation pattern.
Nevertheless, a greater proportion of aeration duration would
weaken the cooling effect of leachate recirculation and give
rise to a risk of explosion due to the increased temperature.

Based on the above analysis, an intermittent aeration of 50-
day aeration/50-day leachate recirculation might give a high
temperature incurring a security risk (Fig. 12a) and the aera-
tion efficiency of 20 days/20 days is better than that of 5 days/

5 days and 10 days/10 days (Fig. 13). Thus, an aeration fre-
quency of 20 days/20 days is recommended in terms of safety
and efficiency and, when landfills are wet with relatively low
temperature, the proportion of aeration can be increased to
0.67 (i.e., 20-day aeration/10-day recirculation) or an even
higher value.

Summary and conclusions

In this study, a numerical model, which couples aerobic-
anaerobic biodegradation, multi-phase flow, multi-
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component transport, and heat transfer, is developed using a
computational fluid dynamics (CFD) technique. After being
verified using existing in situ and laboratory test results, the
model is then employed to reveal the bio-stable zone devel-
opment, aerobic biochemical reactions around vertical well

(VW), and anaerobic reactions away from VW. Some conclu-
sions can be drawn as follows:

1. The horizontal range of bio-stable zone increases with a
decrease in the initial mass fraction of cellulose (C0). The
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time needed to reach a horizontal range of 15 m is 400
days for C0 = 0.1, which is half of the time for C0 = 0.4.

2. When the waste intrinsic permeability is equal or greater
than 10−11 m2, aeration using a low pressure between 4

and 8 kPa is appropriate, giving a horizontal range of bio-
stable zone larger than 18 m. However, low-pressure aer-
ation is not effective for kv ≤ 10−13 m2 with a horizontal
range less than 8 m.
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3. With an increase in aeration pressure, the horizontal range
of bio-stable zone at t = 1000 days increases as expected,
and almost linear curves are observed. The aeration effi-
ciency would be underestimated if anaerobic biodegrada-
tion is neglected because products of anaerobic

biodegradation processes would be oxidized more easily
than cellulose.

4. An impermeable cover at the top and liner at the bottom
would impede gas flow in vertical direction, especially
when the injection screen of vertical wells approaches
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the top or bottom of landfills. A horizontal spacing of 17
m is suggested for aeration VWswith a vertical spacing of
10 m for screens.

5. For intermittent aeration, operators should balance the
aeration efficiency and the threat of high temperature.
Thus, an aeration frequency of 20-day aeration/20-day
recirculation is preferred. For wet landfills with low tem-
perature, the proportion of aeration can be increased to 0.67
(20-day aeration/10-day recirculation) or an even higher
value.

Notations

τ¼ shear stress tensor
Aanisotropy of MSW
Dimass diffusion coefficient for component i
DT,ithermal diffusion coefficient
fTinhibition factor of temperature
fθinhibition factor of moisture content
gacceleration of gravity
H0landfill height
Hsscreen length of VW
HwVW depth
hqspecific enthalpy of phase q

J i
!

diffusion flux of component i
kiintrinsic permeability
k•Monod saturation constant
kO2,isaturation constant of O2

kCH4saturation constant for CH4

krrelative permeability
K•reaction rate constant

mvgvan Genuchten constant
ntotal porosity of MSW
nvgvan Genuchten constant
pqliquid/gas pressure
pccapillary pressure
PO2 partial pressure of O2
PH2partial pressure of H2

PCH4partial pressure of CH4

qqheat flux
Qpqintensity of heat exchange between phases

Ri
• reaction rate

Risource/sink term of component i in biochemical reactions
RD
• decay rate of biomass

Siconcentration of substrate
Seeffective degree of saturation
Sqsource/sink term of phase q
ttime
Ttemperature
Vqvolume occupied by phase q
vq! velocity of phase q
X•concentration of biomass

X ini
• initial concentration of biomass

Yimass fraction of component i in phase q
Y•yield coefficient
αlrresidual volume fraction of leachate phase
αlsmaximum volume fraction of leachate phase
αqphasic volume fraction of phase q
αvgVGM parameter related to the gas entry pressure
μqdynamic viscosity of phase q
μ•specific growth rate of biomass
μmax
• maximum specific growth rate

η•environmental inhibition factor
ρqdensity of phase q
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