


simple mathematically but require a large number of
measurements in order to achieve significant results
(Raco, Battaglini, and Lelli 2010). Other methods, such
as those based on surface emission monitoring (Gonzalez-
Valencia et al. 2015; Kormi et al. 2018), airborne matter
mapping (Wong and Ramkellawan 2013), vertical radial
plume mapping (Abichou et al. 2010), tracer gas correla-
tion techniques, Eddy covariance, and differential absorp-
tion light detection and ranging (LIDAR) (Babilotte et al.
2010), are mathematically more complex and necessitate
a very detailed study of the weather patterns at the landfill
site. Although some of these techniques can provide con-
sistent results, some of them are expensive to undertake.

Landfill emissions can be estimated using models
that take into account the specific characteristics of
the landfill and the qualities of the waste dumped.
These methods do not require constant monitoring of
the methane concentrations in the landfill. However,
a lot of information from the landfill is necessary in
order to achieve consistent results, and this is not
always readily available. Moreover, the data provided
are very global and give no information on how such
emissions are produced; for example, whether they are
mostly associated with point leaks, or whether there are
areas within the landfill that present significantly higher
emissions than others.

The main objective of this study was to determine
the methane emissions from a currently in-use landfill
using an experimental method. The data obtained in
this way have been compared with those produced by
mathematical models. Every attempt has been made to
discern whether, as some authors have pointed (de
laCruz et al. 2016; Mønster et al. 2015; Vu, Ng, and
Richter 2017), these models are overestimating the
emissions. It also analyzes which model best fits the
reality of the landfill and whether the measurement
method used offers satisfactory results.

Despite the emergence of new techniques and tech-
nologies, one of the most widely utilized (Battaglini
et al. 2013; Borjesson, Danielsson, and Svensson 2000;
Gonzalez-Valencia et al. 2015; Maurice and Lagerkvist
2003) experimental methods for measuring methane
emissions is that proposed by the UK Environment
Agency (UK EA 2010), based on the use of flux cham-
bers. This technique makes it possible to calculate the
global emissions of a landfill from point emission mea-
surements. Although extrapolating these point data can
lead to much uncertainty, in return, it provides a great
deal of information about the location of the emissions
on the landfill surface.

For this survey, two of the most internationally recog-
nized models were chosen: the one developed by the
Intergovernmental Panel on Climate Change (IPCC) and

that proposed by the U.S. Environmental Protection
Agency (EPA) Greenhouse Gas Report Program
(GHGRP). A third, designed by the company thatmanages
the landfill and whose results are listed in the Air Pollutant
Emissions Inventory of the municipality of Madrid 2013
(Madrid City Council [MCC] 2015), was also used.

Materials and methods

Site description

The flux chamber experimental method has been applied
to a currently in-use Spanish landfill. This facility began
to receive waste in 2000, and it is estimated that by the
end of its life it will have received 22.7 million m3 of
waste (Madrid 2017). Today, it is at about half capacity,
with four cells already filled and sealed (labeled Z.1 to Z.4
in Figure 1b). The total emitting surface corresponding to
these four cells is 335,000 m2. The emitting surfaces of
each cell are respectively 69,620, 72,082, 70,110, and
123,067 m2, and the maximum filling heights in each
cells are 39, 50, 47, and 40 m.

This landfill is integrated in a treatment center of
solid urban wastes that includes several treatments such
as separation, classification, composting, incineration,
and leachate treatment by reverse osmosis. In addition,
the recirculation of the leachate concentrate occurs.
The cells are sealed with several layers of clay and
sand, but these do not include high-density polyethy-
lene sheets. A degassing system has been installed, but
the extracted gas is flared and therefore its energy
content is not recovered. Although the landfill began
to receive waste in 2000, the degassing system did not
start operating until 2004.

The landfill is located in the region of Madrid, in
Spain, at the center of the Iberian Peninsula, as can be
seen on Figure 1a. According to the Köppen-Geiger
climate classification (Kottek et al. 2006), the climate in
Madrid is type Csa, signifying generally warm tempera-
tures and hot, dry summers. The quantitative emission
measurement campaign was carried out in March 2016.

Methods

The method developed for the empirical analysis of
methane emissions in landfills is based on the proposal
by the UK EA in its publication Guidance on Monitoring
Landfill Gas Surface Emissions (UK EA 2010). The
method proposes a two-step approach. The first is
a qualitative walkover survey to detect where emissions
are being produced on the surface of the landfill.
The second consists of a quantitative analysis of surface





with no recirculation of analyzed gas. Plotting methane
concentration versus time results in a line whose slope
indicates the emission rate at that sampling point.

Statistical treatment

Total methane emissions have been estimated by apply-
ing the minimum variances unbiased estimator
(MVUE) method (Koch and Link 1970; Parkin et al.
1988). This method provides better results for log-
normal distributed data populations than the arith-
metic mean (Elío et al. 2016). The method requires
data independence to correctly calculate the confidence
intervals. It is based on the Sichel function. This func-
tion has been calculated using R software (R Core
Team 2016).
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In this function, n is the number of sampling points
and z is half of the variance as shown in eq 4.
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where xi in eq 2 is the methane emission in each point
calculated from the slope of the concentration-versus-
time plot.

Equations 5, 6, and 7 are used to estimate the mean
(m) and the lower and upper limits (mL and mU) of the
95% (α = 0.05) confidence interval.
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where t(α/2, n-1) is the t score from the t distribution
corresponding to n − 1 degrees of freedom and α
significance level. Su

2 is the variance of the log-
transformed above-zero emission.

The data have been divided into two populations for
analysis. The first consists of the zero emission values
(below the detection limit of the flux box), and
the second comprises higher values. Total emissions
are calculated as

ET ¼ m � P 6¼0 � A 8

where m is the mean emission of the above-zero emis-
sion population calculated using eq 5, P≠0 is the pro-
portion of this population, and A is the total emitting
surface. The data independence has been checked by
plotting a variogram of the log-transformed above-zero
emissions. The model parameters are optimized using
the cross-validation tool of ArcGIS 10.3 software (ESRI,
Redlands, California). The spherical model with nugget
effect is the one that better describes the spatial varia-
bility of methane emissions. The resulting variogram
describes the spatial variability as a horizontal line with
sill and nugget equal so the independence of the data
can be assumed, as can be seen in Figure 3.

Figure 2. (a) Diagram of flux box components. (b) Flux box during a landfill measurement.





Results

Walkover survey

More than 20,000 points on the landfill surface were ana-
lyzed, and these are shown in Figure 4a. Table 4 gives
a summary of the results obtained in the walkover survey.
Figure 4b provides an interpolation of all these values. To
generate this image, the weighted inverse distance interpo-
lation (IDW) was applied using ArcGIS 10.3 software
(Watson and Philip 1985).

Spatially, the distribution of the main sources of emis-
sions that can be observed in Figure 4 shows slight varia-
tions in some of the side and slope areas. Even so, these
variations are not clear enough to classify the landfill surface
into several areas with different emissions, so the entire
surface is taken as one for the quantitative analysis of the
emissions. Despite this, the study of surface concentrations
ofmethane is a valuable process inwhich the researcher can
have a first contact with the surface of the landfill and check
its status and the location of the main emission sources.

The total number of measurements taken was 40. This
has been decided taking into account the limitations of
time and access to the landfill facilities. In this way, 10
points were arbitrarily chosen in each of the cells into
which the landfill is divided (Z.1 to Z.4), as illustrated in
Figure 1. A random sampling method was chosen to
determine these points, and their distribution is shown in
Figure 5.

Experimental emissions

Once the sampling points had been chosen, the methane
emissions at each one were measured. To do this, the flux
box was placed on each of the correspondent points and
sealed against the landfill surface to prevent gas escape.
After this, the inlet and outlet ports of the chamber were
opened, and the analyzer pump and data logging activated.

The 40 randomly selected points were measured in the
winter of 2016 between 1 and 3 March 2016. The analysis
time at each point was between 10 and 20 min. During
this time, the analyzer recorded the methane concentra-
tion value inside the chamber every second. The plot of
methane concentration versus time is linear, and the
emissions can be calculated from the slope (dC/dt). The
mathematical relationships between the slope and the
emissions expressed in L/m2·hr and in mg/m2·hr are
shown in eqs 10 and 11, respectively. Table 5 presents
the emissions obtained for each sampling point (mg/m-
2·hr) in the four cells.
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where E is the level emissions (L/m2·hr); dC/dt is the
change in concentration with time (ppm/sec); V is the
flux box volume (m3); and a is the flux box footprint (m2).
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where E′ is the level of emission (mg/m2·hr); P is the
atmospheric pressure (atm); and T is the temperature
inside flux box (K).

The log-normal distribution of the nonzero data
population has been checked using a Q-Q diagram.
As can be seen in Figure 6, the data are suitably fitted
to this distribution.

Applying the statistical approach previously described,
the average emission of the landfill surface is
74.9 g·m 2·day 1, with 27.8 and 202.1 74.9 g·m 2·day 1 as
the lower and upper limits of the 95% confidence interval,
respectively. These values are within the ranges reported in
other landfill studies; for example, Capaccioni et al.

Table 2. Tons of methane extracted by the degassing system
each year reported by the company that manages the landfill.
Year Methane extracted (tons/yr)

2000 0
2001 0
2002 0
2003 0
2004 0
2005 336.1
2006 709.2
2007 660.1
2008 668.0
2009 563.1
2010 562.3
2011 319.0
2012 429.1
2013 397.4
2014 411.7

Table 3. Default parameters for DOC, DOCf, k, MCF, and F for
each landfill category.

IPCC and GHGRP default parameters

Parameter (unit) Paper Textiles Diapers Food Wood Garden

DOC (tons carbon/tons
waste)

0.4 0.24 0.24 0.15 0.43 0.2

DOCf (fraction) 0.5 0.5 0.5 0.5 0.5 0.5
k (L/yr) 0.04 0.04 0.05 0.06 0.02 0.05
MCF (fraction) 1 1 1 1 1 1
F (fraction by volume) 0.5 0.5 0.5 0.5 0.5 0.5

Note. These parameters are used to calculate methane emission with both
IPCC and GHGRP models.

Table 4. Summary of walkover survey methane concentrations
in ppm.
No. Min. Max. Mean Standard deviation

23,161 0 5.73 × 105 1.05 × 103 1.68 × 104

Note. No. = number of methane concentration measurements; Min., Max. =
minimum and maximum values found.





random, as shown in Figure 4. As previously discussed,
there are not large differences between emissions on the
upper surface of the landfill and its side slopes or other
areas. For this reason, the sampling points for the flux
box emission measurement campaign were chosen ran-
domly, without taking into account the slight differ-
ences founded across the landfill.

As reported in Xu et al. (2014), there is a strong
dependence of methane emissions on changes in baro-
metric pressure. This phenomenon, called barometric
pumping, occurs when the emissions decrease as
a result of an increase in pressure and, on the contrary,
increase when there is a sudden drop in pressure. This
effect is more pronounced when the variation in pres-
sure occurs in a short time.

During the three days in which the measurement
campaign has been developed, atmospheric conditions

have been far from extreme values, as can be seen in
Table 6. The temperatures were normal for the season,
and there have been no abrupt changes in atmospheric
pressure during the hours at which the measurements
were made between 10 a.m. and 2 p.m. on each day, so
it can be assumed that the effect of atmospheric condi-
tions on the measurements is minimal (Di Bella, Di
Trapani, and Viviani 2011).

In this campaign, methane emission point values ran-
ging from zero to almost 50,000mg/m2·hrwere found. This
large variability in emission values, a consequence of the
heterogeneity of the landfill surface, causes great uncer-
tainty when determining an average emission value for
the landfill. This uncertainty is reflected in the confidence
interval for the total annual emission. Other authors
(Borjesson, Danielsson, and Svensson 2000) have also
remarked upon this important variability in the results

Figure 6. (a) Q-Q diagram for nonzero data population. (b) Histogram of frequencies and cumulative frequency graph for walkover
survey results.

Figure 7. Comparison between modeled and measured annual emissions.








