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Abstract

The Bio.Lea.R project aims to demonstrate the performance of a landfill for less reactive, biologically treated waste (pretreated
organic wastes) compared to a conventionally managed landfill, with regard to both environmental (biogas and leachate
production) and economic aspects. The objective is to control the pretreated biodegradable waste through a liquid injection in
order to achieve the same biogas quantity in a shorter time than in conventional landfill.

Laboratory and full scale monitoring were performed in order to check the efficiency of the landfill acting as bioreactor. A small-
scale lysimeter was set up to simulate in laboratory the biological processes that happen at a bioreactor landfill. The lysimeter
consists of a cylindrical reactor filled with waste. The monitoring activity of the geophysical parameters of the landfill is based
on network of geophysical sensors to detect the changes in time and space of the electrical conductivity at different depth in the
landfill. Electrical conductivity is potentially a good indicator of spatial and temporal changes of liquid content of the waste
within, as results of the infiltration process.

Results of the lysimeter experiment have proved the faster production of biogas, with the Methane Potential Yield at 900 days.
The current modeling of leachate infiltration is influenced by availability of experimental data which in this case are provided by
time lapse monitoring of geophysical parameters. The combination of time-lapse geophysical monitoring, advanced inversion
technique and traditional waste sampling techniques provides robust data to evaluate the infiltration process and degradation of
waste.
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1. Introduction

Management of landfills as bioreactors
(indicated as “bioreactor landfills” in the following)
has been studied and tested since 1970 in the US and
has increasingly been spreading world-wide in the
last decades (Sanphoti et al., 2006). Bioreactor
landfill method aims to speed up the waste
biodegradation in Municipal Solid Waste (MSW)

landfills by constantly maintaining appropriate waste
moisture and, depending on the management
configuration, aerobic or anaerobic condition. With
respect to the conventional landfill management
approach, the following benefits of bioreactor
landfills must be considered: 1) a quicker stabilisation
(10 to 15 years compared to 30 to 100 years with a
classical landfilling operation) of biodegradable
content can be achieved (Pacey et al., 1999); ii) the
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biogas production period can be shortened and the
biogas quality increased, thus providing a significant
improvement of energy recovery; iii) when a leachate
recirculation system is used, the environmental
hazard is reduced because the volume of leachate to
be treated is reduced, thanks to the liquid retention by
the waste matrix (Pohland, 1980; Warith, 2002).

However, in situ operations at a bioreactor
landfill require careful monitoring and control of the
operative parameters due to the great influence of the
moisture content on the efficiency of the
methanogenic bacteria (Reinhart and Townsend,
1998; Reinhart et al., 2002). The methanogenesis is
enhanced by a high moisture content that can be
reached by adding water/leachate to the waste. The
threshold value of water content, under which no
biodegradation activity is observed, ranges from 0.15
to 0.50 kg H,O per kg of dry waste (DM), while fresh
refuse moisture content ranges from 0.25 to 0.65 kg
H,0-kg DM (Pommier and Lefebvre, 2009). The
waste must be maintained at nearly constant water
content, especially under temperate climate, where
waste disposed in landfill is generally too dry to
guarantee the optimal biodegradation. The fluid
necessary for obtaining optimal condition can be
supplied either by the leachate recirculation or from
rain water infiltration (Morris et al., 2003).
Moreover, the leachate recirculation tends to uniform
the spatial distribution of adapted microflora. As far
as an efficient monitoring of the bioreactor is
concerned, measuring the liquid distribution all over
the landfill is a key issue (Imhoff et al., 2007): the
optimisation of leachate injection systems remains a
challenging and open problem for bioreactor landfill
operators. Laboratory experiments demonstrated the
relevancy of a proper calibration of the rate of
leachate re-circulation to enhance the waste
degradation and increase the biogas production
(Hernandez-Berriel et al.,, 2014). Moreover,
innovative wells could be adopted to enhance the
recovery efficiency of methane, as suggested by Xue
et al. (2014).

In such a context, the project Bio.Lea.R.
(within the frame of Lifet+ Program) aims to study a
landfill managed as bioreactor, in order to exploit the
biodegradable matter at its maximum extent and give
the best yields of biogas.

Bio.Lea.R. project has a demonstrative
character on full scale, and focuses on two parallel
and mutually useful studies:

>  at laboratory scale, with a lysimeter filled
with waste coming from the landfill under study and
managed as bioreactor;

» at landfill scale, with monitoring of the
bioreactor activities, in terms of biogas production,
and leachate  recirculation efficiency and
management (recirculation started in January 2014).

Herein we focus on the laboratory results and
the main characterisation of the landfill. Particularly,
we have designed and installed a network of
geophysical sensors capable to explore the changes
of electrical conductivity (or resistivity p, to say the
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reciprocal of electrical conductivity) and waste
temperature at different depth of the landfill. These
parameters can be a good indicator of spatial and
temporal changes of liquid content within the
bioreactor, as results of the infiltration process.
Relationships between resistivity and temperature of
leachate, and between resistivity and volumetric
water content of waste, can be established by
laboratory experiments (Grellier et al., 2005). In such
a way, the results of geophysical monitoring
collected in the landfill can be converted into water
content.

The up-scaling from the laboratory results to
the in situ properties is based upon the assumption
that the properties of the solid waste tested in the
laboratory are similar to those of solid waste in the
field and that the leachate has the same properties of
the leachate within the landfill. Both the assumptions
do not have general validity because of the different
scale of heterogeneity of the mass of waste and
because of the spatial and temporal changes of the
leachate properties in the landfill that cannot be
controlled (Imhoff et al., 2007).

Electrical Resistivity Tomography (ERT) is
suitable to study the complex resistivity distribution
(2D and 3D) at large scale (ten to hundreds of meters
wide and down to 30 meters deep) and small scale to
characterize the waste landfill structure (Bernstone et
al., 2000; Meju, 2000). Moreover, ERT is becoming
a common tool for studying recirculation
experiments in landfills (Acworth and Jorstad, 2006;
Guérin et al., 2004; Mondelli et al., 2007; Moreau et
al.,, 2003; Olofsson et al., 2006; Rosqvist et al.,
2005). During recirculation process, if leachate
content or gas migration creates resistivity changes,
ERT can be considered using a time-lapse approach
(i.e. repeating ERT survey several times during the
injection). On the basis of this background, we
designed a monitoring geophysical system, sensitive
to the spatial and temporal changes of the liquid
within the cell.

In Bio.Lea.R. project, ERT is one of the tools
used to study the effects of leachate recirculation, and
at the same time its methodological value is evident.

2. Materials and methods
2.1. The landfill

Cerro Tanaro landfill is located in Northern
Italy (Fig. 1) and contains wastes treated with a
Mechanical Biological Treatment (MBT), according
to the EU Landfill Directive (Directive 1999/31/EC).

MBT reduces the environmental impact of the
treated waste, also thanks to the reduction of its
moisture and biodegradable fraction; however, the
mean waste moisture content is in the order of 20-
30% by weight, values unsuitable for the biological
processes. In addition, the content of rapidly
biodegradable matter is lower since a huge part has
been already consumed during the biological
treatment itself.
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Fig. 1. Plan view of the landfill and position of geophysical profiles for waste characterization (the three images are the location
of the vertical boreholes equipped with electrodes for geophysical monitoring)

Thus, low contents of water and rapidly
biodegradable matter induce slow biogas production,
which implies a longer post-management period.

The landfill is built with two hydraulically
independent cells, filled with pretreated wastes. One
cell is managed as independent anaerobic bioreactor
landfill, in order to shorten and maximize the biogas
production. The other cell, managed as conventional
landfill, constitutes the comparison term. Each cell is
equipped with biogas, leachate and moisture
monitoring systems, liquid distribution plant, data
transmission system.

2.2. Waste characterization

To characterize the material conveyed to the
landfill, at the project starting point, undisturbed
waste samples coming from in sifu well drilling cores
and output samples directly after the MBT were
collected and analyzed.

The on-site characterization of the waste
heterogeneity focused on evaluating the infiltration
rate and the liquid distribution within the landfill by
integrating drilling and geophysical survey.

2.3. Leachate recirculation and biogas extraction
systems

In Cerro Tanaro landfill the leachate
recirculation system mainly consists of 8 sub-
irrigation rings of 20 m diameter, located at the top of
8 gas extraction wells, below the final waste capping.
In addition, 8 horizontal pipes of 10 m length are
placed in the zones not reached by the influence areas
of the rings, at 0.5 m depth, as well as 4 vertical
injection wells where three HDPE pipes reach
different depths.

A manually-controlled pumping plant, located
at the leachate storage tanks, supports the whole sub-

irrigation system. Details on the technologies adopted
to inject the leachate in bioreactor landfills are well
documented in literature, using vertical wells (Khire
and Mukherjee, 2007) or horizontal trenches (Haydar
and Khire, 2005). The biogas extraction system
consists in 26 vertical biogas wells, perimetral
horizontal pipe lines, 8 horizontal rings (10 meters
diameter) laid around 8 biogas wells on the top of the
landfill and under the capping system.

Through three regulation stations, each well is
connected to an energy recovery station where biogas
is burnt in order to produce electricity.

2.4. Monitoring of biogas and leachate

Both landfill cells are equipped with the same
system for biogas extraction and monitoring
(temperature, flow rate, composition by methane,
carbon dioxide, oxygen, hydrogen sulphide).

In-line analysis of biogas composition
constitutes evidence of the cell response to the
leachate recirculation, to verify the effectiveness of
the process in enhancing biodegradation. The
recirculated leachate is analysed weekly by
temperature, pH, electrical conductivity, oxidation-
reduction potential (ORP). At the same time,
ammonium content and Chemical Oxygen Demand
(COD) are analyzed on samples.

In addition, the cell managed as bioreactor is
equipped with the system to monitor the leachate
recirculation and collect the data about temperature
and electrical conductivity measured by the
geophysical sensors.

2.5. Laboratory scale tests
In order to simulate the biological processes

that happen at a bioreactor landfill, a small-scale
lysimeter was set up. The lysimeter consists of a
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cylindrical reactor (diameter = 0.18 m; height = 0.35
m) filled with waste coming from Cerro Tanaro
landfill (Fig. 2).

When the lysimeter was set up, the waste was
already S-years-old (averaged among the different
samples), with a mean dry matter content (DM)
around 59 % by weight. To completely fill the
lysimeter, 3.12 kg of waste were necessary. Given
the waste age, just the slowly biodegradable carbon
was present, with expected slow degradation kinetics.

The operating conditions in the reactor were
optimized to increase the biodegradation:

1) the waste was shredded and the reactor was
placed in a thermostatic room (30°C + 1°C);

2) leachate was recirculated at adequate flow rate
(0.1 — 0.7 L min™") in order to reach the maximum
water retention capacity of the waste itself.

To study the degradation process, the
following parameters were analyzed:

- in leachate: pH, oxidation-reduction potential
(ORP), ammonium concentration;

- in biogas: flow rate, composition.
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Fig. 2. Lysimeter scheme
2.6. Geophysical characterization
We characterised the electrical behaviour of
the landfill by Electrical Resistivity Tomography,

along 6 vertical sections. The ERT method is widely
applied in environmental study both for monitoring

N

0 50 100 {m]

the water infiltration process in landfill (Grellier et
al., 2008) and to outline hydrological parameters of
the subsoil (Godio and Ferraris, 2005), and to
characterise contaminated sites (Godio and Naldi,
2003; Godio et al., 2010). The geophysical
investigation has been performed from the surface,
with electrodes placed directly on the waste material
before the disposal of the final capping. The survey
focused on mapping the inner heterogeneity of the
landfill, to a depth of about 15 meters and checking
the most promising zones for a subsequent hydraulic
characterization. We performed 6 ERT profiles
aligned as indicated in Fig. 1.

Each profile consisted of 48 in-line electrodes,
spaced 2 m, covering a total length of 94 m. Five
profiles were parallel between each other, and they
were traced with an approximate profile separation of
10 meters.Besides the preliminary geo-electrical
characterization of the waste, an infiltration test was
carried out in order to estimate the infiltration rate in
the uppermost part of the cell. The experiment was
carried out on the cell top, before the complete
capping of the cell itself, by infiltrating a controlled
volume of water from the surface and monitoring the
infiltration process, using two cross-profiles of
electrical tomography in time-lapse fashion (Arato et
al., 2014a).

The test was intended to simulate a rainfall
event, as the water was supplied over a 3x5m area
through a set of gardening sprinklers. A total volume
of 6 m® was infiltrated during an infiltration time of
about 2 hours. Water resistivity, measured before the
test, was 16 Q-m. The ERT lines, each one set up
with 48 electrodes 1 m spaced, were both centered in
correspondence of the infiltration area (Fig. 3).

2.7. Geophysical monitoring

The full scale monitoring in the selected
landfill was designed to check temperature and
humidity evolution at different depths, to be related
to leachate infiltration and circulation.

Vertical temperature sensor strings were
installed within the landfill along five biogas
extraction boreholes. Each string had 5 temperature
sensors, with a spacing of 3 m, in order to measure a
vertical temperature profile in the depth range
between 3 to 15 m from the top of the landfill.

Fig. 3. Position of the two perpendicular profiles (ERT) for the monitoring of the infiltration test from the surface of the landfill
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Ten boreholes were specifically installed for
geo-electrical monitoring. Each borehole consists of
a PVC pipe, with a multi-electrode cable attached
along the pipe itself. Each multi-electrode cable has
24 graphite electrodes, 0.6 m spaced, and covers a
depth of 13.8 m between the top and the bottom of
the landfill, depending on the criticisms occurred
during the drilling and completion of the boreholes.
All the electrodes were connected by specific
electrical cables to a control unit for remote
monitoring controlled in real time.

As described in Fig. 4, the geophysical
monitoring system was designed to perform cross-
hole ERT surveys between three pairs of boreholes
near three leachate injection-biogas collection
stations, plus two isolated vertical boreholes for
periodic controls. Since August 2012, monthly we
have measured the electrical resistivity along the
depth of each borehole. Cross-hole ERT data
acquisition was performed in 3 different panels
between pairs of boreholes, and the temperature
effect on electrical parameters was also checked
according to the values measured by the temperature
sensor strings.

The permanent system for remote monitoring
of the injection has been installed in October 2013,
after the complete capping of the cell (Fig. 4). Since
then, the switching unit and the control unit were
located in a wooden hut; the cabling was performed
and controlled to ensure perfect correspondence
between electrodes and connectors to the control
unit. Preliminary tests were focused to fix some bugs
in the electrical connection of the system. In the
period November 2013-January 2014, measurements
were carried out more frequently (bi-weekly) in order
to define a background resistivity model for the
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stations A, B and C (corresponding to biogas
extraction wells CTB107, CTB110 and CTBI111,
respectively).

The monitoring system has been subjected to
an initial step of calibration and start-up, which was
based on repeating the electrical surveys at different
time periods before starting the leachate
recirculation, in order to evaluate the repeatability of
the measurements and the stability of the monitoring
system. The start-up step referred to the initial
monitoring in time-lapse modality of a well-
controlled infiltration, limited to injection-extraction
station CTB107. A total volume of about 250 m® of
leachate was supplied to the landfill, with a flow rate
of 5 m*/h. The test began in January 2014 and lasted
5 days.

The  leachate had been infiltrated
discontinuously for 6-10 hours/day, while cross-hole
ERT acquisition had been carried out every 6 hour, to
evaluate the sensitivity of the monitoring devices to
the humidity changes. The time-lapse ERT inversion
(Arato et al., 2014b) was carried out by using R2
finite-element inversion software, (Binley, 2013)
which also features the difference inversion
algorithm developed by La Brecque and Yang (2001).

The conceptual model of the geo-electrical
behavior takes into account that during the
subsequent monitoring of the fluid distribution within
the bioreactor, the cell is covered by a low
permeability capping. The uppermost part of the cell
is composed by clay material layer, above a thin
layer of drainage material (coarse pebble). These
layers form the overburden of the cell with an
average thickness of about 0.8 meters; the HDPE
liner is disposed above the clay, and hydraulically
insulates the cell from the superficial runoff.
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Fig. 4. Map of the cell after the disposal of the final coverage; the black lines on the map refer to the electrical connection
between the boreholes (equipped with geophysical sensors) and the remote monitoring system (in the centre of the cell). The
acquisition unit (Iris Syscal Pro) is connected to the boreholes through a multiplexer (Esat Sweth); an external PC guarantees

the remote control of the unit)
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3. Results
3.1. Laboratory tests

3.1.1. Leachate

The chemico-physical parameters measured
on leachate samples show values commonly achieved
in anaerobic digestion. Among the others, pH, ORP
and ammonium concentration are plotted in Fig. 5.
pH values are rather constant and around neutrality
(except the starting period when the biological
system must still adapt), to say suitable for microbial
activity, as a whole. ORP shows negative values,
typical of the anaerobic systems, even if not so
evident.

The ammonium concentration decreases with
time, to say it is consumed and after about 60 days its
value is negligible.

3.1.2. Biogas

Despite the difficulty in degrading this type of
waste, the time needed to reach methanogenesis was
reduced and methane production occurred from the
57" day of monitoring. The kinetic model of
Gompertz growth equation was used to predict the
production of methane which could be obtained in
lysimeter (Eq. 1) (Zhu et al., 2009), where: BM =
cumulative methane yield (NL-kg DM™); ¢ =
digestion time (d); BMP = methane yield potential
(NL-kg DM™); R,, = maximal daily methane yield
(NL-kg DM d™); 2 = bacteria growth lag time (d).

eR
BM = BMP - " (A—t)+1 1
exp[ exp( (2 =1) )} (1
The experimental data (Fig. 6) allow

estimating kinetic parameters and evaluating the

degradation trends; the half transformation time (t;/,)
is 319 days.

The Methane Yield Potential (BMP) can be
reached approximately after 900 days; thus, the
overall biodegradation kinetics, which is the
derivative of the curve, shows higher methane
production rate compared to landfill behaviour. It
was possible to compare it with values present in the
literature. The estimation of BMP equal to 71 NL-kg
DM agrees with the results of other experimental
studies (Mali et al., 2012; Bayard et al., 2009;
Sanphoti et al., 2006), that present a rather large
range of results (36-185 NL-kg DM™).

The prediction of biogas production in the
landfill is more complex than in lysimeter since there
are many different phenomena to take into account,
such as waste physical interactions as well as
environmental and hydrological ones which can
modify the physical and chemical parameters. In
addition, the landfill management options and some
unpredictable inhibitory phenomena and/or some
synergic ones affect the biogas production. The
predictive model used in this study was BIO-5
model, which allows getting the biogas production
trend for a given landfill (Magnano, 2010). Two
cases were simulated with BIO-5 model:
conventionally managed landfill (assuming waste
moisture equal to 41 % by weight) and the same
landfill with leachate recirculation (assuming waste
moisture equal to 55 % by weight). Fig. 7 reports the
data obtained with these simulations and lysimeter:
the positive influence of leachate recirculation is
evident.

Considering the biodegradation kinetics, the
half-transformation times are approximately 7 years
for the traditional landfill, 5 years for the enhanced
moisture landfill and 319 days for the lysimeter
operation at its maximum water content.
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Fig. 5. pH, ORP and ammonium concentration in leachate recirculated in the lysimeter
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Fig. 7. Comparison of cumulative methane yield in: a) the tested lysimeter; b) landfill with leachate recirculation;
¢) landfill without leachate recirculation

3.2. Recirculated leachate

The weekly analyses done on landfill leachate
have evidenced the wide range of the measured
parameters, namely:

- temperature: 10-30 °C;

-pH=7.8-8.7

- ORP = (-252)-(-52) mV

- electrical conductivity = 7825-32890 pS-cm’™
- COD = 5280-18380 mg-L"!

- ammonium concentration = 737-3730 mg-L™.

The wide spectrum of each parameter
demonstrates the huge heterogeneity of the leachate,
which can be influenced by season, and weather.

3.3. Small scale test

A “cube-scale” controlled infiltration test has
been carried out in October 2014, in order to analyze
the small-scale behavior of the waste under re-
circulation and to try to understand the dependence

of the resistivity on the waste moisture content. A
single cube of pretreated waste (1.5 m® in volume and
mass around 1400 kg) has been equipped with 24
electrodes for apparent resistivity measurements, to
follow the evolution of geo-electrical properties of a
cycled infiltration experiments. The test started
infiltrating 600 L of tap water (conductivity = 800
pS-cm'l), in 3 hours. From the bottom of the cube,
300 L of liquid were collected into two PVC
containers. Water was supplied from the top of the
cube, through a regular grid of holes, as shown in
Fig. 8. In-flow liquid volume has been measured with
a flowmeter, while out-flow volume has been
measured by taking manual measurements of liquid
height in the containers. The filtrated liquid has been
progressively recirculated for 5 days, with the aim of
following the evolution of electrical resistivity under
this wetting process. Water conductivity has been
measured with a multi-sensor probe.

The out-flow volume of leachate at the end of
the test (after 5 days), was around 150 L, meaning
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that more than 400 L had been retained by the waste. conductivity values are reported over the same time-
The results of the small scale experiment are shown scale (in the central plot); the evolution of apparent
in Fig. 9: the in-flow and out-flow volumes versus resistivity measured between electrodes at the top
time are reported at the top; the specific fluid face of the cube is plotted on the bottom plot.

Leachate inflow

Leachate outflow

7

Fig. 8. Experimental set up of a single cube of pretreated waste for the small-scale re-circulation test and resistivity monitoring:
1) closure valve, 2) pump, 3) regulator valve, 4) delivery pipe, 5) distribution grid, 6) waste, 7) collecting tank (discharge),
8) electrodes, 9) acquisition unit for resistivity monitoring
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Fig. 9. “Cube-scale” test: in-flow and out-flow volumes (top); fluid conductivity of the recirculated fluid (center); apparent
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3.4. Geophysical characterization

The electrical resistivity characterization
refers to five parallel vertical sections in the Western
sector of the landfill, along SW-NE direction, plus
one diagonal section along SE-NW direction.
According to the electrical characteristics of the
landfill and the electrode spacing, a maximum depth
of investigation of about 10-12 meters was reached.
This is enough to characterise the waste material
down to the bottom of the cell.

The results of the electrical characterisation
points out a portion of the landfill of with a rather
homogeneous electrical response (Fig. 10).
Particularly, we observe:

e the presence of upper layers of waste
material up to a depth of about 3-5 meters
characterized by resistivity values in the range 20-50
Q-m;

e at greater depth a slight decrease of the
resistivity values, that are in the range 2-5 Q-m.

SW NE
Opee
10} . ) ! L1]
0 20 40 60 80
op OO "
5k i d
10§ n ] L2
0 20 40 60 80

Depth [m]

0o 20 40 60 80
Distance [m]

Fig. 10. Electrical resistivity distribution along several
transects of the landfill (see Fig. 1 for positioning)

The results of the surface infiltration test,
monitored by using time-lapse ERT, are shown in
Fig. 11. The panels on the left are referred to Line 1,
while the panels on the right are referred to Line 2.
The top row reports the background resistivity
distribution while the other panels are related to
subsequent relative resistivity differences, with
respect to the background values, at five time steps
(to=background; t;=0-0.5 hours; t,=1-1.5 hours; t;=2-

2-5 hours; t,;= 4-4.5 hours; ts=24-24.5 hours. Times
are referred to the start of the irrigation).

Based on the results of the time-lapse
monitoring of the infiltration test, we pointed out
that:

- the infiltration proceeded very fast, according to
an initial horizontal spreading in the upper surface
layer (1-2 meters) and then moving downwards;

- the vertical movement of the flow follows some
preferential pathways, due to the high waste
anisotropy; indeed the water creates an elongated
plume along Line 1 direction, as it is clear from the
negative difference anomalies in correspondence
with the infiltration area;

- a preferential zone of fluid accumulation (low
electrical resistivity) is observed at the depth of about
4-6 meters; this means that a relevant substrate at low
permeability has been reached by the vertical flow
and the infiltration will proceed downward very
slowly.

An example of monitoring of -electrical
resistivity in cross hole configuration is plotted in
Fig. 12. The left panel refers to the vertical resistivity
section between the wells CTB203-CTB204
(monitoring station A) and, on the right, the vertical
section between the wells CTB210-CTB211
(monitoring station C). In the uppermost part of the
sections, we pointed out resistivity values around 50-
60 Q'm, which are in accordance with the
preliminary measurements shown in Fig. 10:
resistivity tends to gradually decrease with depth, and
at 6-8 meter depth, a very conductive zone is
detected (resistivity less than 1 Q-m).

These values are in good agreement with the
stratigraphic column of the boreholes, indicating the
presence of dry waste up to 4-6 meters in depth and
wet waste at greater depth. The resistivity
heterogeneities around the electrodes come from the
extremely complex material which is in place, and
could even be caused by the presence of organic
material and inert separating the pretreated wastes.
Moreover, the resistivity gradient with depth is
strongly affected by temperature effect: it should be
noted that a decrease of about 2 % of resistivity
values is expected for an increase of 1 Kelvin degree.
We observe an average temperature of about 45 °C,
starting from a depth of 4-6 meters from the top of
the landfill, which could be partially responsible of
the very low resistivity values pointed out at greater
depth in the landfill.

The results of the time-lapse monitoring of the
first recirculation test are shown in Fig. 13a, 13b. The
Figures are organized in rows of resistivity difference
panels, covering four days of the test, each day is
described in a single row. Following the background
resistivity, it is clear how the leachate recirculation
affects the resistivity measurements. The most
influenced zone is the shallow layer, down to 4 m
depth. As the volume of infiltrated leachate increases,
the resistivity differences with respect to the
background increase, because of the wetting induced
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by the Ileachate migration. Furthermore, the
resistivity contrasts between the different waste
layers are enhanced too. The last panels of the
bottom row refer to the fifth day of the test, when
recirculation had been stopped. Resistivity contrasts
tend to reduce, as the system starts to return to
background conditions.

4. Discussions
Experimental simulation of bioreactor landfill

showed that leachate recirculation gives its benefits
even in the case of waste with low biodegradable

of waste, thanks to the increase of moisture content,
it is possible to reduce the time needed to reach
methanogenesis. Gompertz equation allowed us to
build a predictive curve of methane evolution for the
experimental conditions.

By comparing the experimental ones, it can be
noted that the biodegradation is strongly affected by
the moisture content: the quantity of retained water in
the refuses affects positively the Methane Yield
Potential as well as its rate. Modeling of biogas
production is fundamental in such a context, because
it allows predicting the biogas production in a long
term (decades of years), necessary to mineralize the

content. Despite the difficulty in degrading this type waste.
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Fig. 12. Background resistivity distribution along two vertical sections of the landfill;
section A (left) and C (right)



Liquid injection to enhance biogas production in landfills for pretreated municipal solid wastes

2014/01/14
CTB204  CTB203 CTB204  CTB203 CTB204  CTB203
1
n e -4} R T -a} P
- l 0 ;_ .
L § 1o L t e
g o H £ T w T G Poolle
£ os § % . £ -
© 10 a 10} 1 o O o) { =
b i : 00 : 100
2 05 12 + 150 12 . 150
4 1 M A
14 14} ! -141 !
o 2 o 2 a4 oz 4
Distance [m] Distance [m] Distance [m]
I N T Y T N I I | 111 1 1 1 I T | |
0:00 6:00 | 12:00 1 I:OO 24:00
infiltration
2014/01/15
CTB204  CTB203 CTB204  GTB203 CTB204  CTB203 CTB204  CTB203
2 2 1 2 !
. i 4 % Do ! b ™
4 oo T e -4 H—- -4} o0
¥ w e w e - & w
S 0o Bl -t 10 B : 100 Bl o
E 50 E ! ! f= E « E 1 s
g Fogn W T g B U gl ow
Rt o S o) H @ Sl i o S ; 0
! o0 : : - : 100 1 .
12k I R 12+ 1 ™ 12 I 12 150
} { 20 1 : 200 I 200 ] M
147 [ 14} 1 14! : 14} {
} ! 1 1 1 1
2 4 0 2 4 2 a4 2 4
Distance [m] Distance [m] Distance (m] Distance [m])
L1 1 11 I | T I | I L 11 1 1 l L1111 | |
0:00 6:00 12:00 18:00 24:00
infiltration
(@
2014/01/17
CTB204  CTB203 CTB204  CTB203 CTB204  CTB203 CTB204  CTB203
o - - q
- GV - o i ZP %
: I - - [ F’ o
4 200 < - 0 oo 4} d e
r-‘ 150 ?._ - 150 150 .‘- t 150
sfF - 100 '5?‘_ - 100 100 5". q‘. 100
£ 1 w E l. = Mo E # t ol
<, £, - £ s .
l:'-mi ERT! ¥ o 9. 0 g é e
100 R 100 100 1 100
-12} # - -150 |2r! - -150 150 |zl ’ { 150
s P 200 - ” 200 200 i t' 200
14 147 147 :
2 4 '] 2 4 o 2 4
Distance [m) Distance (m] Distance m]
L1111 I I I | | I I I 1 1 1 1 I
0:00 6:00 12:00 18:00 24:00
infiltration
2014/01/18
CTB204  CTB203 CTB204  CTB203 CTB204  CTB203 CTB204  CTB203
L
Ap ap Ap | o | ap
%] %) vél P -
1200 200 1200 . - 200
- - -« pR ]
100 100 100 5}- \‘, 100
E l. = w E . E .
o w0 a 0 o s D"D: _E 50
100 100 100 100
- - - Sewi |-
200 -200 200 7‘43- ‘ 200
} &
= LS5
0 2 4 o 2 4
Distance [m] Distance [m]
L1 1 1 1 L1 1 1 1 L1 1 1 1 l 11 1 1 1 I |
0:00 6:00 12:00 18:00 24:00
(b)

Fig. 13. Time-lapse geo-electrical monitoring of a pilot re-circulation test, at boreholes CTB203-CTB204: (a) background
resistivity image and first two days of infiltration; (b) end of the infiltration and redistribution phase

The preliminary characterisation and

the set

up of the monitoring system were focused to check
the sensitivity of geophysical methods to monitor
dynamic processes in a heterogeneous medium and

assess the efficiency of the landfill working as
bioreactor. The geophysical characterisation aimed to
point out the electrical response of the landfill and
the sensitivity of electrical tomography to detect the
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infiltration and the volume affected by leachate
recirculation. According to our experience, this is the
first attempt of monitoring long-term behaviour of
the bioreactor landfill by using geophysical sensors
permanently installed within the wastes. This
required great care in designing the monitoring
devices in order to warrant long life to the monitoring
system: high temperature resistant cables and
graphite electrodes were installed to preserve the
devices against effect of high temperature and
corrosive environment.

In the cube-scale test, the dependence of the
observed resistivity on the fluid content in the waste
is well demonstrated: the resistivity dramatically
drops down when the wastes are being hydrated, as
the fluid is supplied and filtrates through the solid
mass. The fluid specific conductivity (observed at the
leachate outflow) follows an opposite trend, as it
increases due to increasing of dissolved solid content.
It is therefore realistic to observe a sharp changes of
electrical resistivity during the infiltration (after few
hours or days), while the prediction of electrical
behavior at long term still remains a challenge.

In the mature waste mass throughout the
landfill, the geo-electrical response is related to
changes in the chemistry of the pore fluids.
Particularly, in porous material the -electrical
resistivity is mostly affected by temperature
(Campbell et al., 1948) and volumetric fluid content
(Archie, 1942). In such a context, we observe low
resistivity values all around the cell, with an abrupt
decrease at deeper level; this agrees with an increase
of temperature and moisture content with depth.

In steady-state condition, without infiltration,
the surface layers of landfill waste (just below the
capping) are the part of the landfill waste where
oxygen and bacterial supply are abundant, with
quicker decomposition than in the deeper parts: the
bulk resistivity of this oxidized zone points out a
relative increase with time, because of the organics
for microbial degradation become depleted in supply
and much of the soluble elements have been
removed.

It may thus be relatively more resistive in
comparison with the clay cap and the underlying
zone of incomplete waste decomposition. The bulk
resistivity of the waste at deeper level may have only
been partially decomposed wunder anaerobic
conditions thus leading to different physical
properties. The lower part of the waste deposit
contains a zone dominated by relatively incomplete
leaching and therefore exhibits relatively low bulk
resistivity.

During infiltration, the time-lapse electrical
resistivity panels point out relevant changes of the
electrical properties with time up to a depth of about
6-8 meters, with changes of increase and decrease of
bulk resistivity. The water flux through the top of the
landfill affects its resistivity characteristics: a highly
conductive fluid like leachate can influence the
electrical behavior of a medium in different ways.
Theoretically, higher fluid content implies a
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reduction of resistivity, but anomalous electrode
polarization phenomena can arise in such conditions.
Electrodes can be themselves a source of polarization
effect; this effect can be difficultly removed from the
measurements and produces artifact in resistivity
distribution. Thus, in such a harsh environment, only
qualitative explanation of the infiltration processes
can be given but, nevertheless, the zone impacted by
the leachate flow can be delineated.

A fast vertical infiltration rate is expected in
the uppermost zone, because of the high permeability
of the detritus coverage mixed with low-compacted
wastes. At deeper levels, a decrease of waste
permeability is expected. On the other hands, the
main drawbacks related to an efficient infiltration
from the top of the cell are related to the relevant
lateral spreading of the infiltrated water, as pointed
out by the infiltration tests. This could lead to a non-
uniform distribution at deeper level of leachate
within the waste, partially reducing the efficiency of
the enhancement of biogas production.

5. Conclusions and future activities

Leachate infiltration in landfills is a complex
process and detailed information on the flow
characteristics are needed to provide fundamental
understanding of the processes involved for
prediction of biogas production. We are analyzing
the complexity of processes by integration of
laboratory tests on waste samples and geophysical
characterization and monitoring in the landfill: the
final goal of Bio.Lea.R. project (Life+ Program) is to
demonstrate the improvement of biogas production
by leachate recirculation in a landfill for MBT
wastes.

First results at laboratory scale have proved
the faster production of biogas, with the Methane
Potential Yield at 900 days. The current modeling of
leachate infiltration is influenced by availability of
experimental data which in this case will be provided
by time lapse monitoring of geophysical parameters.

The combination of time-lapse geophysical
monitoring, advanced inversion technique and
traditional waste sampling techniques provide robust
data to generate a consistent structural framework of
the landfill as well as experimental results on the
infiltration process and degradation of waste.
Experiments at different scales and environmental
conditions, to say lysimeter and landfill, point out the
processes that are involved in biodegradation. This
leads to advanced characterization of biodegradation
and prognosis of local process development. The data
of biogas production and emission of the two cells
(with and without re-circulation of leachate) will be
compared to define optimal conditions of liquid
recirculation/distribution to reduce and concentrate
the biogas production period. In this way, the project
is useful for future implementations of non-
hazardous landfills managed as bioreactors. The re-
circulation of leachate is another positive solution to
reduce the environmental impact of effluents of
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waste landfilling (Schiopu et al., 2012; Schiopu and
Ghinea, 2013)

The project can warrant a more -efficient
biogas extraction and consequently lower methane
losses in the environment.The methane exploitation
to produce electricity is another positive aspect, in
view of fossil fuel substitution.
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