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The biogas originated from anaerobic degradation of organic matter in landfills consists basically in CH
4
, CO
2
, and H

2
O. The

landfills represent an important depository of organic matter with high energetic potential in Brazil, although with inexpressive
use in the present.The estimation of production of the productive rate of biogas represents one of the major difficulties of technical
order to the planning of capture system for rational consumption of this resource. The applied geophysics consists in a set of
methods and techniques with wide use in environmental and hydrogeological studies. The DC resistivity method is largely applied
in environmental diagnosis of the contamination in soil and groundwater, due to the contrast of electrical properties frequent
between contaminated areas and the natural environment. This paper aims to evaluate eventual relationships between biogas flows
quantified in drains located in the landfill, with characteristic patterns of electrical resistivity in depth. The drain of higher flow
(117m3/h) in depth was characterized for values between 8000Ω⋅m and 100.000Ω⋅m, in contrast with values below 2000Ω⋅m,
which characterize in subsurface the drain with less flow (37m3/h), besides intermediary flow and electrical resistivity values,
attributed to the predominance of areas with accumulation or generation of biogas.

1. Introduction

The use of renewable resources as a source of clean and
sustainable energy is increasingly gaining importance in
the national and international levels, facing a reality of
increasing global warming and its consequences, as a result
of the intensification of anthropogenic carbon emissions in
generating electrical energy, as what occurs with thermal coal
plants.

Biogas is a gas mixture resulting from the anaerobic
degradation of organic material of solid waste deposited in
landfills and industrial effluents and domestic sewage treated
by the anaerobic process. This compound has great potential
for energy use in national terms, in a scenario where landfills
have significant relevance, as depository of large amounts of
organic matter [1].

Among the main methodologies to estimate the volume
of biogas production in projects for energy recovery, it is
noteworthy to mention the proposal of the Intergovern-
mental Panel on Climate Change [2], for state or national

scenarios, or that one proposed by the U.S. Environmental
Protection Agency [3] to plants for treatment or storage
of waste. Other theoretical methods are found in [4–6]. A
comparative analysis of these methodologies is performed
in [7], which considered them as an inadequate study in
generation from landfill, because of the use of preestablished
default values or simply disregarding important factors such
as the potential for methane generation of the waste and the
production rate of the biogas.

According to [8] themathematicalmodels internationally
used to estimate the methane generations in landfills do
not satisfactorily cover specific conditions of climate and
waste found in Brazil. The high amount of organic matter
and the biodegradability of household waste generated in
Brazil, associated with favorable climatic conditions such
as high temperature and rainfall, intensify the process of
gas generation in the early years, with depletion of the
process in a short period when compared to countries of
cold climate.The combination of climate and biodegradation
results in a singular synergism that limits the safe application
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of mathematical models currently available, the use of
which requires the proposition of indicating parameters
for stages of degradation of organic matter and biological
activity.

The geophysics makes up a set of indirect methods of
investigation, some of which are sensitive to the physical
properties characteristic to areas of accumulation of gases
in the subsurface. The DC resistivity method is widely
used in studies of environmental diagnosis in cases such
as investigations of contaminants in soil and groundwater
originated from industrial or commercial activities [9, 10],
vulnerability to input of pollutants in aquifers [11–13], and
characterization of subsurface in sanitary landfills [14–16].

The characteristic signature of liquid contaminants
enriched in salts, like necroleachate arising from the decom-
position of cadavers or the leachate from the decomposition
of organic waste, is the low electrical resistivity, in contrast
with rocks andminerals that make up the geological environ-
ment.

In the work of [17] the resistivity method is applied
in the landfill of Cordeirópolis (Brazil), combined with
measurements of pH and Eh. The operating procedure of
the landfill consists of trenching, dumping waste, covering
with excavation soil, and recording of the closing dates. Mea-
sures of low resistivity were associated with concentrations
of leachate. Correlations between geochemical parameters,
values of electrical resistivity, and closing age of the ditches
allowed estimating the predominant phases of organicmatter
degradation.

In [18] the evaluation of DC resistivity measurements is
proposed for estimating emission rates of CH

4
and CO

2
in

the Pera Galini landfill (Greece), through the technique of
electrical tracking, in areas with varying degrees of gaseous
emission quantified in the study.The results enabled us to dis-
tinguish areas with varying degrees of flow through bymeans
of electrical resistivity patterns, besides allowing evaluating
and estimating the high potential for biogas production from
a significantly reduced point amount of specific measures
of gaseous emission. The conclusion is that the electrical
resistivity is a vital tool to estimate the emission of biogas in
landfills, at an effectively smaller cost and with high accuracy
when compared to traditional procedures, although it not
distinguishing the types of constituent gases.

Although there are many studies that describe the use
of geophysical methods in the environmental diagnosis of
landfills, most of these works mainly aim at the character-
ization of the area with percolation of leachate. However,
there are few studies aimed at determining relationships
between electrical resistivity, natural electrical potential, and
biological and physicochemical processes and their relation-
ship to the production of leachate and biogas in landfills
[17, 19].

In this sense, the present study assesses the potential
for application of the DC resistivity method as a tool for
characterization of areas with accumulation of biogas, by
means ofmeasurements of electrical resistivity in unsaturated
layers of waste and crossing them with direct measurements
of the biogas flow, in a cell of deactivated waste, at the landfill
in the municipality of Rio Claro, Brazilian southern.

Figure 1: Location of the area of studies with position of the lines of
data acquisition and drains for measuring the flow of biogas.

2. Area of Studies

The area of studies consists of landfill of solids residues of
the municipality of Rio Claro, São Paulo State, Brazil, distant
about 180 km from the state capital (Figure 1). The beginning
of activities dates from 2001, in an area of approximately
98,000m2 destined for disposal of solid waste, with a daily
average of 190 tons and a monthly average of 5,000 tons. In
July 2012 the landfill was expanded by the installation of a new
cell, currently in use (Figure 2).

The area presents a relief with gentle slope anddescending
towards the northeast, consisting of sandy soils and sandy
clay soils produced by alteration of sandstones belonging to
the Rio Claro Formation, covered by siltstones and mud-
stones gathered in Corumbatáı Formation.

The construction scheme of the landfill comprises the
local topography and consists of opening individual cells,
200m long and 50m wide, for the excavation of rock types
from Rio Claro Formation and from the top of Corumbatáı
Formation from northeast to southeast direction, followed
by basal cuttings and installing of gradients of about 1% to
northeast. The landfill has basal and side impermeabilization
sealingwith a blanket ofHDPE 2mm thickness. A network to
collect and drain the leachate leads the flow by gravity to the
terminal boxes and then to aeration lagoons for treatment.

The waste is dumped directly into cells by tipper trucks
of urban collecting, later leveled to horizontal landings by
action of bulldozers, daily covered by soil/sediment stored
after excavation of the cell (Figure 2(a)). At this stage, vertical
drains are installed for plumbing and atmospheric dissipation
of biogas generated by the decomposition process of organic
matter in waste, constantly alternated as new levels are built.

The final level is covered by a layer of about 1m of
soil/clay pellet, with a drop of 2% for surface water runoff
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Figure 2: (a) Waste disposal in active cell. (b) Partial view of studied cell. (c) Guidance of drains crossed by line 2. (d) Drain number 28 with
burning of biogas.

(Figure 2(b)). Dikes marginal to the limits of the upper level
are built, to direct the flow of rainwater by laminar flow
and attenuation processes of lateral erosion (Figure 2(c)).
Drains are finalized by steel tubes coated by concrete pipes
for burning biogas and dissipation of the generated heat
(Figure 2(d)). Drains are constantly lit for consumption of the
biogas by burning in an attempt to prevent accumulation in
large scale and minimize the risk of explosion.

According to [20] the degradation of organic material in
landfills passes through five stages.

In phase 1 starts the microbiological activity in a land-
fill, where moisture favors the degradation reactions of
organic matter by aerobic mean. Phase 2 is transitional,
with transition to anaerobic condition. In phase 3 occurs
the formation of acids, with predominance of total volatile
acids, decrease in pH, increase in chemical oxygen demand
(COD) in the leachate, and increased ionic species. In step 4
(methanogenic fermentation) occur the highest production
of methane (CH

4
) and carbon dioxide (CO

2
), increase of pH,

and reduction in the formation of leachate. Phase 5 is the final
maturation where nutrients are scarce.

The factors that influence the rate of generation of biogas,
according to [3], are as follows.

(i) Waste composition: the higher the percentage of
organicmaterial in the waste, the greater the potential
for methane generation.

(ii) Oxygen concentration: the organic material must be
decomposed into oxygen-free environment; this way,
it is possible to cover the waste with soil or with
the residue itself, creating anaerobic conditions in the
lower layers of the landfill.

(iii) pH: the methanogenic bacteria achieve greater pro-
ductivity with pH between 6.8 and 7.2. In the initial
phase, landfills present acid pH, which tends to
approach neutrality from the methanogenic phase.

(iv) Temperature: the ideal temperature for anaerobic
digestion is between 29∘C and 38∘C for mesophilic
bacteria and between 49∘C and 70∘C for thermophilic
ones. Below 10∘C there is a sharp drop in the rate
of generation of methane gas. Typically, the decom-
position itself provides sufficient time for the heat
methanogenesis to occur.

(v) Humidity: it is essential to the life of decomposing
bacteria. A high humidity, approximately 60% by
weight, increases the generation of biogas.

Relevant aspects in generating biogas at landfills are
represented by forms of packagingwaste and operational pro-
cedures, content of organic matter in the overall composition
of the residue, which can stimulate anaerobic processes. The
moisture content is something crucial to the development
and metabolism of bacteria, such as agent to transport
the nutrients and as a facilitator for colonization of new
areas within the landfill scope. These factors, combined
with physicochemical conditions, temperature, and access to
nutrients, influence directly the survival of microorganisms
and biogas generation [1].

The understanding of the genesis of biogas enables some
important considerations on the action of processes of
anaerobic degradation of organic matter and their effects on
physical properties change in the mass of waste.
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Biogeochemical reactions are initiated immediately after
the coverage ofwaste in landfills.Organic compounds are oxi-
dized in aerobic processes in shallow locationswhere aeration
is by contribution of atmospheric oxygen or infiltration of
rainwater, similar to combustion reactions, generating CO

2

and water vapor, both quickly dissipated.
However, the effect of chemical and biological processes

is enhanced by anaerobic digestion in three main stages [21].
At first there occurs hydrolysis of complex organic matter

by the action of fermentative bacteria in soluble molecules.
Then, thesemolecules are converted into simple organic acids
such as acetic acid, propionic acid, butyric acid, and ethanol,
besides CO

2
and H

2
. In the third stage the generation of CH

4

by methanogenic bacteria by breaking acids in CH
4
and CO

2

or by the reduction of CO
2
and H

2
occurs.

This exothermic reaction for anaerobic decomposition
releases a small amount of heat and produces a gas with aver-
age levels of 54% CH

4
and 46% CO

2
. The biogas produced

in landfills also contains water vapor near the saturation
point and small amounts of NH

4
, H
2
, H
2
S, and other minor

constituents.

3. Materials and Methods

The biogas flow comes from the work of [22], determined
from velocity measurements of gases in the drains, with
the aid of a galvanized pipe with standard diameter of
100mm and a digital thermal anemometer with an accuracy
of 0.01m/s, in the range of measurements between 0m/s and
10m/s.

The procedure initially involved extinguishing the com-
bustion of biogas at the end of the drain hose, coupling of the
galvanized pipe to canalize the biogas, and introduction of a
telescopic handle of the thermoanemometer into a side hole
of the tube, located 1m from its upper extremity [22]. This
routine was adopted for the protection of the measurement
probe from the influences of wind or any air movement that
could exert influence on themeasurements of biogas velocity,
besides standardizing a piping with a single diameter for flow
calculation.

Then, DC resistivity method was applied for geophysical
acquisition data, which uses electrodes fixed on the surface
of the ground, connected to the measuring instrument via a
cable assembly [23, 24].

This instrument enables the injection of electrical current
into the ground and taking measurements of potential differ-
ence produced by the interaction with the materials in depth.
The electric potential produced in this interaction is captured
by receiving electrodes and quantified. Applying Ohm’s Law
considering the spacing between electrodes, represented by
a factor called 𝐾, allows for the calculation of the apparent
resistivity parameter (𝜌𝑎) for various levels of depth.

The resistivity parameter depends on the nature and
the physical state of the material analyzed. The resistivity
and electrical conductivity are related to the mechanisms of
propagation of electrical current of thematerials, conditioned
in geologicalmaterials to processes of electronic or electrolyte
activity [25]. The first occurs associated with the presence of

metallic minerals or conductors, while the second occurs due
to movement of ions dissolved in the water contained in the
pores or cracks.

For disposition and movement of electrodes on the sur-
face, theWenner-Schlumberger electrical profiling technique
arrangement was adopted, which consist in the alignment of
a series of electrodes and the selection of four electrodes on
each measure, where a pair of external electrodes is used for
transmission of current (in Amperes) and the other internal
pair is used for readings of tension (in Volts).

The lateral movement of this device along with the
constant distancing of the pair of current electrodes with
respect to the pair of tension electrodes enables lateral inves-
tigations and at various depths, that is, a two-dimensional
product.

Five lines of electrical tomography were conducted with
individual length of 120m, 5m spacing between electrodes,
and readings at 12 levels of investigation in depth. The
Terrameter SAS 4000 resistivity meter, manufactured by
ABEM (Sweden), which consists in a single transmission and
reception system, calibrated in field to injection of 100mA
current was used.

The arrangement of lines in the study area emphasized the
proximity of drains emission biogas in an attempt to review
the resistivity in their respective areas of influence (Figure 1).

The readings acquired in the field were processed in the
Res2dinv program and resulted in sections of resistivity in
terms of distance × depth, with graphical logarithmic scale
and intervals of interpolation of values in color. This is a
program that automatically determines a two-dimensional
model of the subsurface, from resistivity or chargeability data
obtained from tests of resistivity routing [26].

The 2D model used in the program divides the pseudo-
section into rectangular blocks, which will represent the
pseudo-section by the adjustment of field readings. This
optimization aims to reduce the difference between the
apparent resistivity values, calculated and read in the field, by
adjusting the resistivity of the blocksmodel, whose difference
is expressed by the RMS error [27].

In the postprocessed graphic product the nearest drains
were positioned, individualized with their respective num-
bers, to which areas for draining of biogas in depth were
demarcated, which serve as the basis for subsequent discus-
sions.

4. Results and Discussion

The results of biogas flow were tabulated and presented in
Table 1.

The wide variation in the readings of biogas can be
attributed to the spacing of drains in different age areas
of waste disposal, in addition to the complex dynamics of
production and flow of the biogas in a context of temporal
variation in porosity.

The routine for waste disposal in the cells consists in
the release of waste in the operation front by pickup trucks,
compaction by bulldozers, and covering with soil excavated
during the opening of the cell (Figure 2). This process aims
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Table 1: Flows of biogas obtained by direct measurements in drains.

Drain Flow (m3/h)
24 117
25 93
26 99
27 84
28 76
29 37
30 52
31 86

at rationalizing the available space for storage of waste and
minimizing the time of air exposure.

The creation of successive overlapping levels of waste
results in increased compressive load of the older material,
with reduction in porosity, also provided by the processes
of consumption of organic matter, converted into gases
and liquids that often leave this system with consequent
rearrangement of inert residues such as plastics and rubber.

Therefore, the occurrence of low biogas flows in drains
is natural for older areas in landfills, in face of at the least
availability of organic matter likely to degradation and due
to leakage of gas caused by fractures in the soil due to the
rearrangement of waste, among other factors.

Regardless of the reasons, this huge variation in the
readings of biogas shall be detectable in the areas of influence
of the drains, because high electrical resistivity values are
expected for areas where there is greater accumulation or
flow of gases in a mass of solid waste. In contrast, areas
enriched in organic matter shall be characterized by low
resistivity values due to the relatively higher levels ofmoisture
and dissolved salts. The early phase of anaerobic degradation
is characterized by the generation of organic acids, which
contribute to the decrease in electrical resistivity of this
environment [18].

The spacing between electrodes and the number of levels
investigated in depth resulted in sections molded for a
depth of approximately 10m, interval considered as dry or
unsaturated leachate, based on data obtained fromdrilling for
waste layers in positions of lower topography.

The cross checking of flow and area of influence of the
respective drain set to a radius of 10m indicate the existence
of predominantly resistive zones for the drains of greater flow,
in contrast to areas of low resistivity in the vicinity of drains
of low flow (Figure 3).

The drain 27 presents one of the highest flows of biogas
in the studied area and its area of influence high resistivity
for the line 1 and low resistivity for the line 4. In contrast, the
drain 29 presented the lowest flow and is positioned in an area
of low resistivity, with values between 0Ω⋅m and 2000Ω⋅m.

Some drains with intermediate flows feature in depth a
high contrast in resistivity values in their areas of influence.
Drains 26 and 31, with flow rates of 99m3/h and 86m3/h,
respectively, are positioned in the center of a high resistivity
interface that varies laterally abruptly to low values of resis-
tivity. Something similar occurs in depth in drain areas 25,

28, 29, and 30, although in these cases the contrast interface
is vertical.

In these cases they may be indicative of areas of degrada-
tion of organic matter and biogas production (low resistivity)
neighbors to zones enriched in inert material and with
porosity for accumulation of biogas (high resistivity). In this
sense, the positioning of the drain in relation to areas of
accumulation of biogas can condition the flow in surface.

The drain 24 crosses exactly an interval of high resis-
tivity (between 8000Ω⋅m and 100.000Ω⋅m), bordered by
two smaller areas with resistivity between 2000Ω⋅m and
8000Ω⋅m, which shall represent areas of accumulation and
production of biogas, respectively. Drains with intermediate
flows intersect partially in intervals of high resistivity or
accumulation of biogas. Two perpendicular lines intersected
the drain 29 and in both cases with low resistivity values,
between 9.5Ω⋅m and 2000Ω⋅m, indicative of an area with
organic matter in degradation phase.

Line 3 crosses, respectively, the drains with lower and
higher flow for the area of study. Between the drains there
is a highly resistive interval, partially connected in depth to
the drain of higher flow.

5. Conclusions

Readings in the drains describe awide variation in biogas flow
in a relatively small area, possibly due to issues such as age
of the residues, compacting, constructive profile of drains,
clogging, and connection among areas of accumulation of
biogas and area of influence of the drains.

This latter aspect was subject to evaluation by means of
the analysis of electrical resistivity readings for various levels
of depth along lines of drains. Biogas is characterized as an
electrical insulator in face of its physical state, that is, areas
where there is accumulation of biogas as part of the waste
mass must be characterized by high resistivity values. As
counterpart, the generation of biogas in landfills with high
amount of organic matter and high humidity results in low
values of electrical resistivity.

The existence of zones of high resistivity (above
8000Ω⋅m) in the catchment area of biogas around some
drains in depth is reflected at the surface by high flow
(117m3/h). Drains with intermediate flow rates (65m3/h
to 99m3/h) present concomitance in depth in domains
of medium electrical resistivity (between 2000Ω⋅m and
8000Ω⋅m); that is, the catchment area of the drain intersects
zones of generation and accumulation of biogas. Drains with
low flow (37m3/h to 52m3/h) intersect in depth areas with
low resistivity values (below 2000Ω⋅m), associated with the
predominance of areas of accumulation of organic matter
and consequent generation of biogas.

The way for treatment of the data impairs the selection
of specific values of electrical resistivity for comparison with
other areas of study. Inversion of the data followed by the
adoption of a logarithmic scale aimed at the enhancement
of maximum and minimum in an attempt to highlight
extreme domains; that is, the values resulting fromprocessing
extrapolate the range of input values in the program.
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Figure 3: Models of inversion in terms of resistivity, position of biogas drains on the surface, and delineation of areas of influence in depth.
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However, the study demonstrates direct relationships
between electrical resistivity in horizons of dry residues and
biogas flow in drains installed throughout the period of
residue cells filling at a landfill.

Such results suggest the feasibility of using electrical
resistivity as an auxiliary tool in the investigation of suitable
sites for catchment of biogas in the context of energetic use
enterprises in sanitary landfills in the planning stage or in
activity.
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