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Abstract: Landfill leachate recirculation is applied to manage the landfill as a bioreactor to enhance
biogas production, limiting the impact due to greenhouse gas emissions and optimizing the energy
recovery from biogas. This study deals with the geophysical monitoring of the leachate recirculation
within the waste of a pretreated waste landfill. For this aim, electrical resistivity tomography (ERT)
was adopted, detecting the main distribution of moisture within the waste both through the surface
and through several boreholes. The electrical resistivity of waste mainly depends on water content,
leachate salinity and temperature. The method is sensitive to the transient phenomena associated
with leachate flow within the waste; moreover, the ERT long-term monitoring data suffer from
anomalous and unexpected polarization phenomena induced by the measurements themselves.
Results demonstrated the reliability of this approach to qualitatively detect the landfill volume
affected by the leachate circulation. The effects of moisture changes by leachate infiltration on biogas
production are still challenging, notwithstanding a positive effect on methane concentration in biogas
itself is evident.

Keywords: electrical resistivity tomography (ERT); landfill; geophysical monitoring; leachate
recirculation; biogas; energy recovery

1. Introduction

A landfill bioreactor is a waste treatment concept consisting of speeding up the
biodegradation of landfilled waste by optimizing its moisture content through leachate
recirculation [1–5].

The objective is to control the pre-treated biodegradable waste moisture using efficient
and monitored water injection to achieve the same overall biogas quantity in a shorter
time than in a conventional landfill. In other words, leachate recirculation is useful to
exploit the biodegradable matter to its maximum extent and give the best yield of bio-
gas. Compared to conventional landfill management, the following benefits of bioreactor
landfills can be considered: (1) a quicker stabilization of biodegradable content can be
achieved (10 to 15 years compared to 30 to 100 years with classical landfilling manage-
ment), shortening the environmental impact due to biogas emission and collection; (2) the
biogas production period can be shortened and the biogas production concentrated, thus
providing a significant improvement of energy recovery; (3) when the leachate recirculation
is adopted, the environmental hazard is reduced because the volume of leachate sent to
treatment is reduced, thanks to the liquid retention by the waste itself.

The benefits (1) and (2) have an evident relevance to reducing diffused emissions of
greenhouse gases, such as carbon dioxide and methane.

To optimize biodegradation, the waste must be maintained at a nearly constant water
content suitable for biological processes. However, pre-treated waste is usually too dry
(moisture around 10–15% by weight) to guarantee optimal biodegradation. The fluid

Appl. Sci. 2023, 13, 5661. https://doi.org/10.3390/app13095661 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13095661
https://doi.org/10.3390/app13095661
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-0452-0815
https://orcid.org/0000-0002-1170-4623
https://doi.org/10.3390/app13095661
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13095661?type=check_update&version=1


Appl. Sci. 2023, 13, 5661 2 of 14

required to obtain optimal conditions can be supplied either by leachate recirculation or
rainwater infiltration. Moreover, the leachate recirculation can make the spatial distribution
of the indigenous microflora involved in the biogas generation process uniform.

Especially in hot and dry climate areas, biodegradation of municipal solid waste in
landfills is limited by moisture. Therefore, supplying adequate water quantity is crucial
to enhancing bacterial activity and biogas production. Most of the conventional landfills
reach moisture contents of 20–30% by weight, which is below the optimal range for waste
biodegradation, around 40–70% by weight [6]. To achieve optimum moisture level in
bioreactor landfills, typically described as moisture content at or above field capacity
(40–70% by weight), water addition is required; that is to say, waste hydration must be
carried out.

The choice of the proper recirculation technique (vertical wells or horizontal pipeline
network) is based on the assessment of its performance, which can be roughly determined
by measuring the water content inside the influence zone of the injection system [7,8].

The optimal performance and regulation of the frequency of leachate injection is based
on the moisture content. The monitoring of the distribution of moisture content could be
addressed by geophysical methods; most of them are based on the measurements and
interpretation of electrical and electromagnetic parameters, such as electrical conductivity
and polarizability, or electrical permittivity [9,10]. Methods such as neutron probes or time
domain reflectometry (TDR) sensors provide punctual measurements of the fluid content
and cannot be representative of the heterogeneous waste material [9,11,12].

The most adopted method is electrical resistivity tomography (ERT), which allows
one to detect the distribution of the electrical conductivity on a 2D section or to map it on a
3D iso-volume [13–19]. The non-intrusive, non-destructive and 3-dimensional response of
the ERT method thus appears to be suitable for the study of the propagation of the leachate
through the waste landfill.

This study aimed to investigate the feasibility to monitor the leachate recirculation in
a portion of a real-scale landfill for pretreated wastes by ERT and time-lapse inversion. At
the same time, the biogas production and leachate properties were monitored, comparing
the data with and without leachate recirculation.

2. Materials and Methods

The experimental study was performed in a landfill in northwest Italy. The landfill is
composed of two hydraulically independent cells filled with pre-treated wastes: each cell
has its independent systems for biogas and leachate extraction.

The work was organized into the following parts:

• preliminary geophysical characterization of the waste material in the uppermost part
of the landfill;

• application of electrical resistivity tomography in time-lapse modality to estimate the
hydraulic properties of the waste;

• long-term monitoring of the leachate recirculation.

ERT is a non-destructive method where the measurements are performed on the
surface of the media through several electrodes. An electrical current is injected into the
media through two electrodes, and a set of electrodes measures the resulting electrical
potential. Several electrical arrays can be adopted based on the different ways to mutually
arrange the current and voltage electrodes; the array also differs according to a different
sensitivity of the measurements to the observed volume.

The Wenner and Schlumberger array is more sensitive to vertical variations of the elec-
trical potential, while the dipole–dipole array is better suggested to detect lateral changes
in the observed parameters. This issue has been previously demonstrated according to
a theoretical point of view and experimental approach in near-surface geophysical appli-
cations [20,21]. The measurements are then converted into apparent electrical resistivity
values. The subsequent tomographic data processing involves the interpretation of all the
data set to convert the observed data (apparent resistivity values) into a distribution of
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true electrical resistivity (or the inverse, the electrical conductivity). The main factors that
control the electrical conductivity in the porous material are the fluid content, its salinity
and temperature. In landfill investigation, the electrical conductivity could be related to
the distribution of leachate within the waste body. Typical values of electrical resistivity
of the leachate of municipal waste landfills are around 1 Ω·m, which makes the volume
partially saturated by leachate highly conductive volumes.

Electrical tomography was applied for the detection of the flow path of the leachate
through municipal solid waste (MSW), both for increasing the knowledge of MSW be-
haviour and for using the results to improve the design of the leachate injection sys-
tems [18–20,22]. More generally, the approach is widely adopted to study the infiltration
process in porous media [18,23,24]. During the injection of water into porous media, ERT
time-lapse monitoring (TLERT) is adopted, and the changes in the electrical resistivity can
be considered sensitive to the changes in fluid content if the temperature and the porosity
are constant during the infiltration.

The TLERT method is based on the analysis of a dataset; in our case, on 2D resistivity
images collected at different time intervals; the inversion procedure of the TLERT dataset
could be performed according to several approaches [25]. The simpler approach is based
on the analysis of the differences between the resistivity images independently inverted
(independent approach). This approach could provide for amplification of the ghost and
artefacts of every single inversion. The method of difference inversion of the ERT data is
based on the inversion of the differences between the reference resistivity dataset images
and the resistivity datasets collected at different times. Finally, the ratio inversion adopts
the ratio between two successive ERT measurements multiplied with a resistivity value
representing a homogenous subsurface model. In the present work, we adopt the difference
inversion approach to invert the datasets of resistivity data collected during the infiltration
test. The time-lapse monitoring approach means that the same measurements are repeated
several times using the same array configuration in the same location, namely before,
during and after the injection of the leachate.

2.1. Geophysical Characterization

The preliminary geophysical characterization of the landfill was carried out using ERT
surveys for estimating the distribution of electrical resistivity on 2D vertical sections of the
landfill. The survey focused on mapping the inner heterogeneity of the landfill to a depth
of about 15 m within the waste.

The data acquisition was carried out by 6 ERTs, with 48 electrodes for each profile,
using a Wenner–Schlumberger array. The horizontal spacing between the electrodes was
2 m, and the distance among the parallel lines was about 10 m (Figure 1). Lines 1–5 are
located over the flat area of the landfill and did not present any relevant morphological
aspect of the topography. Line 6 crossed Lines 1–5 along the direction from south-east
towards north-west; this latter line showed a severe elevation change of about 8–9 m
toward the end of the profile. This is due to the local morphology of the landfill that is
partially created as an embankment; the final part of Line 6 ended along the side slope of
the embankment at a lower quote than Lines 1–5.

The data acquisition allowed the measurement of more than 500 independent mea-
surements of electrical resistivity along each transect. The data processing was performed
using the code R2, which was developed at Lancaster University by Binley [26,27].
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Figure 1. Test site with the position of the transects of the ERT on the landfill (L1–L6); the coor-
dinate of the lower-left corner of the image is 44°53′02 N–8°22′7 E. The image is aligned south to 
north along the vertical direction. Red lines refer to the ERT lines of the preliminary characterization 
(48 electrodes, spacing 2 m): the labels of each line indicate the position of the first electrode of each 
section (relative coordinate of 0 m). The yellow line refers to the position of the ERT adopted for the 
infiltration test (48 electrodes, spacing 1 m); the first electrode is located at the south-east side. The 
blue circle refers to the injection well of the test of leachate recirculation; the green circle refers to 
the position of the borehole, which is addressed with electrodes and used for monitoring the leach-
ate recirculation process within the landfill. 
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For this aim, a controlled volume of water was infiltrated on the surface and the in-
filtration was monitored in time-lapse electrical resistivity tomography (yellow line in Fig-
ure 1). The infiltration system was designed to irrigate a surface with an area of about 6 m 
× 3 m. The water was distributed through 5 sprinklers fed by a discharge pipe with 
a  2.5-inches diameter to homogenize the irrigation over the infiltration area. The 
irrigation was carried out at a  flow rate of about 50 l/min lasting for two hours; the 
total amount of water that infiltrated was 6 m3. 

The test was performed at the beginning of Spring (April), starting at 11 am and end-
ing at 10 am the day after. The daily temperature ranged from 14 °C to 22 °C (sunny day); 
the minimum temperature during the night was 9 °C (with a clear sky). The relativity 
humidity ranged from 50 to 60%. 

The electrical conductivity of the injected water was measured just before the 
beginning of the test: the value was about 650 µS/cm, corresponding to the electrical 
resistivity of about 16 Ω·m. D uring irrigation, a puddle having a 5 cm thickness formed; 
after 25 min of water supply, no further modifications occurred, and the infiltration pro-
cess proceeded in steady-state condition until the pumping was stopped. 

Figure 1. Test site with the position of the transects of the ERT on the landfill (L1–L6); the coordinate
of the lower-left corner of the image is 44◦53′02 N–8◦22′7 E. The image is aligned south to north
along the vertical direction. Red lines refer to the ERT lines of the preliminary characterization
(48 electrodes, spacing 2 m): the labels of each line indicate the position of the first electrode of each
section (relative coordinate of 0 m). The yellow line refers to the position of the ERT adopted for the
infiltration test (48 electrodes, spacing 1 m); the first electrode is located at the south-east side. The
blue circle refers to the injection well of the test of leachate recirculation; the green circle refers to the
position of the borehole, which is addressed with electrodes and used for monitoring the leachate
recirculation process within the landfill.

2.2. Infiltration Test

Tests were performed to estimate the infiltration rate in the uppermost part of the
landfill before the final covering of the landfill itself. The pore networks and the anisotropic
variability of hydraulic properties in landfilled waste are highly complex. To check the
waste permeability in the upper part of the landfill, an infiltration test was performed.

For this aim, a controlled volume of water was infiltrated on the surface and the
infiltration was monitored in time-lapse electrical resistivity tomography (yellow line in
Figure 1). The infiltration system was designed to irrigate a surface with an area of about
6 m × 3 m. The water was distributed through 5 sprinklers fed by a discharge pipe with a
2.5-inches diameter to homogenize the irrigation over the infiltration area. The irrigation
was carried out at a flow rate of about 50 L/min lasting for two hours; the total amount of
water that infiltrated was 6 m3.

The test was performed at the beginning of Spring (April), starting at 11 am and
ending at 10 am the day after. The daily temperature ranged from 14 ◦C to 22 ◦C (sunny
day); the minimum temperature during the night was 9 ◦C (with a clear sky). The relativity
humidity ranged from 50 to 60%.

The electrical conductivity of the injected water was measured just before the begin-
ning of the test: the value was about 650 µS/cm, corresponding to the electrical resistivity
of about 16 Ω·m. During irrigation, a puddle having a 5 cm thickness formed; after 25 min
of water supply, no further modifications occurred, and the infiltration process proceeded
in steady-state condition until the pumping was stopped.

Time-lapse monitoring of the subsurface processes was carried out by ERT to detect the
hydraulic properties and estimate the influence volume of the infiltration. The background
dataset was collected before the infiltration (at time t0 = 0). Then, five other datasets were
collected at the following times: t1 = 0.25 h, t2 = 1 h, t3 = 2 h, t4 = 4 h and t5 = 23 h.



Appl. Sci. 2023, 13, 5661 5 of 14

The position of the ERT line for infiltration test monitoring is highlighted in Figure 1,
with yellow colour. Data acquisitions were carried out using a Wenner–Schlumberger array
with 48 electrodes; in such a case, the adopted electrode spacing was 1 m. The survey line
crossed the irrigation area at a distance between 28 and 31 m along the profile.

Time-lapse data were inverted to monitor the infiltration process using the time-lapse
difference inversion algorithm [28] that was implemented in the software R2 [27]. The
spatial domain considered in the inversion procedure took into account the potential impact
of the geomembrane on the reliability of the results, as previously indicated by Audebert
et al. [29]. Particularly, we have checked through the forward modelling procedure that
the geomembrane, located at an average depth of about 20 m from the top of the landfill,
does not affect the reliability of the resistivity values achieved by the inversion procedure.
Some negative impact is only expected on the border end of Line 6 (see the characterization
phase), where the depth of the geomembrane is very shallow.

The forward modelling was performed using the code Res2dmod [30], and by assum-
ing the Wenner array configuration with an electrode spacing of 2 m and 48 electrodes. The
resistivity model of the inner waste body was simulated with several layers with decreasing
resistivity values from the top to the bottom of the landfill. Values ranged from 100 Ω·m
to 5 Ω·m. The bottom liner of the landfill was simulated with a high-resistive material
(100,000 Ω·m) located at a depth of about 15 m from the ground surface. The results of
the modelling of the impact of the liner are reported in Figure 2: the apparent resistivity
distribution referring to the model with high resistivity material located at the bottom is
plotted in Figure 2a; meanwhile, a second section without the bottom resistivity layer is
depicted in Figure 2b. It can be noticed that the high resistivity of the bottom layer only
slightly impacts the apparent resistivity distribution of the section.
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layer); (b) the same model computation without the high-resistive material at the bottom.
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2.3. Leachate Recirculation Monitoring

The landfill was equipped with a leachate recirculation system consisting of 8 sub-
irrigation rings of 20 m diameter located at the top of 8 biogas extraction wells and below
the final waste capping. Moreover, to get a homogeneous leachate distribution, horizontal
10 m length pipes were placed in the zones not reached by the influence areas of the rings, at
0.5 m depth. In Figure 1, only two of the eight addressed boreholes are shown; particularly,
we indicate the position of the two boreholes used for the leachate recirculation monitoring
herein discussed.

For the ERT monitoring, seven boreholes were drilled in the landfill. Each of them
was equipped with graphite electrodes (24 in each borehole, 0.6 m spaced, at a depth
between 1.5 and 15 m below the landfill capping) to perform down-hole and cross-hole
ERT monitoring of the leachate infiltration displacement during the recirculation. A series
of 48 surface electrodes was also installed on the landfill surface (2 m spaced electrodes).

During leachate recirculation tests, daily geo-electrical monitoring was conducted
by 2D surface ERT surveys (Wenner–Schlumberger and dipole–dipole arrays) along the
48-electrode profile and cross-hole ERT (dipole-dipole array) between the boreholes. Data
were inverted with R2 code using the difference inversion algorithm for the time-lapse data.

2.4. Monitoring of Biogas and Leachate

After the landfill’s definitive covering, the biogas extraction and leachate collection
plants started to operate. At the same time, biogas and leachate monitoring started.

The landfill was equipped with a system for online monitoring of the extracted biogas
(temperature; flow rate; composition by methane, carbon dioxide, oxygen and hydro-
gen sulphide). Concerning leachate, the following parameters were analyzed weekly
on samples: temperature, pH, chemical oxygen demand (COD) and ammonium and
chloride concentration.

The zone managed as a bioreactor was equipped with a system to monitor the leachate
recirculation and collect data about temperature and electrical resistivity. The measure-
ment of these parameters at different landfill depths can be good indicators of spatial
and temporal changes in the liquid contained within the bioreactor as a result of the
infiltration process.

To study the effect of leachate recirculation on biogas flow rate and composition, the
tests were carried out for more than two years.

Two biogas wells were monitored with and without leachate recirculation in their
influence zone (green circle in Figure 1). The recirculation tests were done with the same
flow rate as the infiltration tests, about 3 m3/h for a daily cumulative volume equal to
35–38 m3, in different seasonal periods to study the influence on biogas generation.

At last, a long-term test (4 months) was carried out in which the leachate flow rate
was split around the two tested wells.

3. Results
3.1. Geophysical Characterization

The measurements revealed a highly conductive medium, with an electrical current in
the range of 1000–2000 mA and very low voltage values, down to a few mV depending
on the geometric arrangement of the single measurement. Data quality was estimated by
the data standard deviation, achieving values in the range of 0.1–5%. The quality analysis
of the data set was performed to exterminate from the data set values with a standard
deviation higher than 5%. Only a few data were discharged for each section.

The inversion procedure was interrupted after less than five iterations for each transect,
as the RMS lowered the 5%, which agrees with the uncertainties of data.

The results of the preliminary characterization are reported in Figure 3. For the sake
of simplicity, the example of L1, L3 and L6 is herein reported, the distribution of the other
sections being very similar to the presented ones.
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Particularly, the sections pointed out that the electrical response of waste appears
quite homogeneous, with resistivity values lower than 10 Ω·m. This is well depicted in the
resistivity image of L3 and L6.

The resistivity distribution of the section of Line 1 depicts higher resistivity values in
the uppermost part of the image; particularly, lenses of high-resistive waste material in
the range from 20–50 Ω·m are reported, up to a depth of 2 m from the ground. The lower
part of the section is characterized by a resistivity ranging between 1 Ω·m and 5 Ω·m. The
bottom part of the image shows a slight increase in the resistivity values, up to 10 Ω·m.

The uppermost layer is slightly more resistive, with local heterogeneities that exhibit
local electrical resistivity values in a range higher than 20 Ω·m. This is visible in the vertical
section of line L3, where the resistivity contrast between the upper part and the lower one
is enhanced. In such a case, the resistivity of the waste in the depth range of 2–6 m is lower
than 5 Ω·m, according to the increase of waste moisture in such zone. This agrees with the
resistivity distribution of the section of line L6 where a spot of low resistivity is pointed
out at the coordinates 55–70 m, that is, the coordinate where line L3 crosses the L6 one
(see Figure 1).

3.2. Infiltration Test Monitoring

The results of the time-lapse data inversion on data from the infiltration test are
shown in Figure 4. The plot reports the electrical resistivity distribution at time t0, and
the difference with these values at times t1, t2, t3, t4 and t5. In the infiltration area, there is
a smooth decrease of the values, up to 15–20% after 23 h (t = t5). The conductive plume
tends to spread horizontally, interesting a portion of the section between the coordinates
25÷35 m, in the depth range between 0 and 2 m.
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t3, t4 and t5 (the black rectangle shows the section of the irrigation trench).

The test pointed out that the infiltration proceeded very fast in the near surface of the
landfill body, where the waste material is characterized by drier conditions; the infiltration
started to spread laterally when the front of the infiltration reached the lower more humid
layers, approximately located at the depth of 5 m below the surface.

3.3. Leachate Recirculation Monitoring

The borehole electrodes directly under the surface line were adopted with a non-
conventional “T” dipole–dipole array to increase the data coverage with the depth. The
T-dipole is organized with a series of electrodes distributed along a transect on the surface
(Line L5) and another series of electrodes located along a borehole (Figure 5). The borehole
is located approximately in the centre of the array transect on the surface. Additionally,
the test was monitored with the cross-hole array configuration between the two boreholes
located in Figure 1 (green circle), in dipole–dipole configuration.
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Figure 6 shows the resulting electrical resistivity distribution for both the surface-
T and cross-hole arrays to critically understand the phenomena that occurred during
leachate recirculation.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 10 of 15 
 

 
Figure 5. Phases of preparation and installation of the electrodes for borehole and cross-hole moni-
toring of electrical resistivity. The graphite electrodes are installed on the external side of the HDPE 
tube of the piezometers. 

Figure 6 shows the resulting electrical resistivity distribution for both the surface-T 
and cross-hole arrays to critically understand the phenomena that occurred during 
leachate recirculation. 

The plot shows the difference between the resistivity measured after two days of 
leachate injection (about 70 m3 of leachate) and the background one. In the zones near the 
borehole electrodes (i.e., the most reliable ones), the ERT monitoring recorded anoma-
lous growths, with difference values far higher than 100%, that is to say, more than 
double the background one. 

 
Figure 6. ERT results during leachate recirculation,  with resistivity difference after 2 days of 
leachate injection (the dashed line and circle detect the position of surface electrodes). 
Figure 6. ERT results during leachate recirculation, with resistivity difference after 2 days of leachate
injection (the dashed line and circle detect the position of surface electrodes).

The plot shows the difference between the resistivity measured after two days of
leachate injection (about 70 m3 of leachate) and the background one. In the zones near the
borehole electrodes (i.e., the most reliable ones), the ERT monitoring recorded anomalous
growths, with difference values far higher than 100%, that is to say, more than double the
background one.
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3.4. Leachate Recirculation and Biogas Generation

The tests to verify the effects of leachate recirculation on biogas generation were
done on two wells, monitoring their biogas composition and flow rate. The data allowed
to calculate the ratio volume of methane (CH4) to the volume of carbon dioxide (CO2).
This parameter reflects the presence of anaerobic biodegradation with methane genera-
tion: in common landfills, usually, it is lower than 1.4, which corresponds to a methane
concentration equal to 58–59% by volume in the biogas.

The data obtained for the monitored wells during the tests with and without leachate
recirculation are shown in Figure 7a,b, respectively.
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Figure 7. Influence of leachate recirculation on ratio CH4/CO2: (a) well A; (b) well C.

The influence of leachate recirculation on methane generation is evident in both cases,
and very similar results were achieved.

In both wells, the ratio CH4/CO2 had values around 2 (or higher) during the 2nd
period of leachate recirculation. This can be due to different moisture of the waste during
the recirculation periods:

• during the 1st period, the leachate could have increased the water content in the waste,
that is to say, part of the leachate could be absorbed by the waste itself since the landfill
was filled with pre-treated waste (rather dry);

• during the 2nd recirculation period, the operation could have further increased the
water content to the optimal values for biodegradation, influencing the methane
generation around the well.

Unfortunately, the increase in the ratio CH4/CO2 does not correspond to an evident
growth of the biogas flow rate (data not shown). One reason could be the partial filling of
landfill porosity by leachate itself, which would constitute a barrier to biogas extraction.

Looking at the leachate properties, we can note that they do not influence the concen-
tration change of methane.

Figure 8 shows the monitoring of temperature and pH, where it is evident that

• the seasonal trend of leachate temperature seems to not influence the biological process
since the methane concentration grows anyway during the cold season; the disturbance
given by the injection of cold leachate is not evident since the leachate amount is small
compared to the hot mass of waste (around 46–48 ◦C);

• leachate pH is almost constant along the monitoring time and around neutral values
suitable for biogas/methane generation.
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Figure 8. Temperature and pH of the recirculated leachate.

Figure 9 reports the main chemical properties of the recirculated leachate, such as
COD, chlorides concentration and ammonium one. These parameters are rather constant
during the season and, as for pH and temperature, they do not show influence on the
changes of methane concentration in biogas.
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Figure 9. COD, chlorides and N-NH4
+ content of the recirculated leachate.

4. Discussion

The preliminary geophysical characterization of the landfill aimed to point out the
electrical response of the landfill and the sensitivity of ERT to detect the waste volume
affected by leachate recirculation. We pointed out low values of electrical resistivity all
around the landfill, with a decrease of values at a deeper level, according to an increase of
temperature and moisture with depth.

The preliminary infiltration tests pointed out that the infiltration volume spreads out
mainly horizontally, according to the peculiarity of the landfill, and is made by layers of
pre-treated waste blocks separated with thinner layers of compost at very low permeability.

The survey permitted the design of the best monitoring strategy by integrating cross-
hole and surface electrical resistivity tomography during the leachate recirculation into
the cell.

The monitoring of the leachate recirculation demonstrated the relevance of the indirect
monitoring (by geophysical survey) of the spatial and temporal distribution of recirculating
leachate into the waste so that the whole bioreactor landfill performance can be optimized.
The sensitivity of the electrical resistivity of bioreactor landfills to the properties of solid
waste, such as moisture content, leachate ionic strength and temperature, is straightfor-
ward [17]. Some authors pointed out that an increase in electrical resistivity indicates a
decrease in water content and a decrease in electrical resistivity indicates infiltration of a
liquid [17,31].
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In the present study, the temperature effect seems to play a less important role because
rather constant values below 3–4 m from the top were measured (46–48 ◦C). Therefore, the
response change is mainly caused by the variations in water content within the waste.

ERT was applied for the monitoring of leachate recirculation at a bioreactor landfill.
This method is sensitive to the transient phenomena associated with leachate movement
within the waste. In the monitored injection-extraction location, leachate flows following
patterns that cannot be well resolved down to a depth of 6–7 m with preferential channels
through macropores in the waste.

The data on biogas production extracted from the tested landfill cells (with and without
leachate recirculation) gave relevant information about the influence of waste moisture on
biological processes occurring inside the landfill.

Without leachate recirculation, the biogas has a content of methane and carbon dioxide
giving a ratio of CH4/CO2 around 1.3–1.4. As shown in Figure 7, higher values were found
during the leachate recirculation periods; notwithstanding, the methane flow rate did not
grow compared to the ones without recirculation.

The biogas generation does not seem influenced by seasonal changes in the leachate
temperature, that is to say, the liquid injection does not constitute an evident disturbance to
the biological process; in any situation, this could be verified by the thermal balance to the
system (landfill), usually at least in mesophilic conditions (over 35 ◦C). Even with winter
temperatures (close to 0 ◦C), the leachate flow rate is discontinuous, and this feed does not
constitute a thermal disturbance on the huge mass of landfill.

Very probably, one positive effect of leachate recirculation is the transport and distri-
bution of substrates and microorganisms. Similar results were found by other authors:

• Ko et al. [32] studied the effect of leachate recirculation and compaction in lysimeters
for municipal solid wastes. Each lysimeter contained 9 kg of waste, and the test lasted
more than 5 months. In both cases, the ratio CH4/CO2 was higher than two, showing
the effect of waste moisture on the biodegradation process. Moreover, these authors
found that leachate COD decreased during the recirculation period, whereas in our
study this trend is not so well defined.

• Ozkaya et al. [33] investigated the leachate recirculation effects on a real landfill
scale, testing wastes disposed of in about 600,000 m3. The recirculation operation
lasted about one month, and during this period, biogas and leachate composition
were monitored to compare them to the corresponding ones achieved in the landfill
zone managed without leachate injection. Methane concentration was higher in
the –m3 zone (53–54% by volume against 46–47% by volume). Regarding leachate
composition, the study showed that COD decreased after the recirculation period due
to the degradative activity of microorganisms.

• Bialowiec et al. [1] measured the biogas composition and flow rate in a -ton landfill
with leachate recirculation in two tests that lasted 20 and 30 days, respectively. Their
findings showed the rather sudden growth of the biogas flow rate when the leachate
started to be injected. At the same time, the methane concentration increased by some
units (from 60 to 65% by volume).

5. Conclusions

The main findings of the experimental activity, achieved on different scales, demon-
strate the global positive effect of leachate recirculation on biogas quality. The reasons can
be the forced transport of substrates and microbial population inside the waste and the
increase of waste moisture suitable for the methanogenic process with a more homogeneous
distribution in the landfill.

Notwithstanding their biodegradability, some waste components have low moisture
(i.e., paper and cardboard, with moisture around 10% by weight). They are degraded
with difficulty if they are located in zones not reached from downward leachate flow. This
feature is still more relevant for pretreated wastes that have the most moisture content of
around 15% by weight.
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Moreover, a higher methane concentration in biogas has evident relevance in economic
terms for energy exploitation. Therefore, on one side the leachate recirculation can represent
a need to improve the biological degradation of disposed wastes, and on the other, it
reflects the optimal approach for energy recovery from partial renewable resources in a
sustainable way.

The findings demonstrated that ERT is a method that can be efficiently used to mon-
itor leachate distribution within the landfill, contributing to improving the knowledge
about a landfill bioreactor and its management to enhance biogas generation by methane
concentration and flow rate, thus improving energy recovery from waste.

This study also demonstrated the need for a multidisciplinary approach to face issues
linked to biogas production from waste and energy recovery, especially to monitor processes
at a large scale, in systems where the operative conditions are not well defined and known.

At present, some features are still open and need further studies; these should be
carried out directly in landfill, when feasible, to get real-scale data that are better represen-
tatives of specific situations.

All the findings have relevance in terms of environmental impacts (shortened impact
due to landfill biogas generation and collection) and economic ones (shortened management
of biogas extraction and exploitation).
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