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Abstract

The optimization of degradation processes and the management of leachate and biogas produced in landfills are
key aspects for the establishment of more sustainable municipal solid waste (MSW) disposal in developing
countries. In this study, biochemical methane potential (BMP) tests were used to evaluate CH4 production potential
and degradation kinetics of fresh waste (FW) and five-year aged excavated waste (EW) samples from a tropical
controlled landfill with compositional characteristics of developing countries. BMP tests with reconstituted samples
of the biodegradable fraction of both MSW types were performed at three substrate/inoculum (S/I) ratios (0.3, 0.5
and 1.0 g VS substrate g− 1 VS inoculum), and CH4 generation parameters were determined using the first-order and
modified Gompertz kinetic models. After 30-d, the best BMP results were reached at S/I ratios of 0.5 and 1.0, with
cumulative CH4 productions of 528 and 433 mL CH4 g

− 1 VS for FW, respectively; and 151 and 135 mL CH4 g
− 1 VS

for EW, respectively. The first-order kinetic model provided a good fit to BMP results for FW, whereas the modified
Gompertz model showed a better adjustment to the BMP data for EW. Calculated first-order CH4 generation rates
for FW and EW were in the range 0.19–0.36 and 0.23–0.25 d− 1, respectively. These results evidence the high
biodegradability and CH4 potential of FW disposed of in a tropical landfill in Colombia and the reduced BMP of EW
despite a relatively short period after disposal under conventional landfill operation conditions.
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Introduction
Although about 80% of municipal solid waste (MSW)
produced globally ends up in final disposal sites, it is es-
timated that only 20% of these are sanitary landfills [1].
It is possible that the production of MSW in low- and
middle-income economies will change over time, how-
ever, the amount of waste sent to landfills will not de-
crease in the short to medium term. In low-income
countries, over two-thirds of wastes are openly dumped;
in contrast, in low- and upper-middle countries 18 and

54% of the waste produced are disposed of in landfills,
respectively [2].
The continuous growth in waste generation and the lack

of integrated waste management systems put constant
pressure on the available space for landfilling in develop-
ing countries [3]. In Colombia, by 2016, about 38% of
landfills had less than 3 years lifespan and the estimated
deficit in installed capacity for the final disposal of solid
waste is 95.4 Mt by 2030 [4]. This is not a rare situation
for other developing and emerging economies and is one
of the reasons why, as countries improve economically,
the construction and improvement of landfills are seen as
a first step towards the establishment of more sustainable
waste management systems [2].
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The MSW generated in low- and middle-income
countries have characteristics that facilitate its degrad-
ation in landfills, such as the high organic fraction
(OFMSW) of readily biodegradable wastes, mainly com-
posed of food and green waste [5, 6]. These characteris-
tics influence leachate and gas emissions from landfills,
resulting in potentially higher but less prolonged biogas
production rates [7].
Determining the degree of stability of MSW allows: (1)

to establish the management criteria, treatment or use of
MSW before its final disposal [8], which it is associated
with the biodegradability of the materials, and (2) to esti-
mate the biogas production potential of MSW. These are
key elements when considering more sustainable landfill
methods for developing countries, mainly in terms of their
capability to mitigate greenhouse gas emissions and en-
hance the feasibility of landfill gas (LFG) utilization pro-
jects [6]. In this context, the United Nations established
Objective 7 of the Sustainable Development Goals, which
seeks to ensure access to affordable, reliable, sustainable
and clean modern energy for all. The Colombian govern-
ment embraced this initiative and agreed to reduce green-
house gas emissions by 20% by the year 2030, through the
development of an agenda that integrates the energy from
biomass and biowastes to the national energy system, in-
cluding LFG utilization projects [4].
The basic principle used to evaluate the stability of

MSW is to determine how much and how fast the car-
bon (biodegradable fraction) can be mineralized [9]. An-
aerobic tests, such as the biochemical methane potential
(BMP), are among the most widely used experimental
methods used to determine the degree of biological
stabilization of MSW [10, 11]. Other measurements used
to evaluate landfill stabilization and leachate quality in-
clude parameters such as pH, chemical oxygen demand
(COD), biochemical oxygen demand (BOD) and the
BOD/COD ratio [8].
The BMP methodologies may change due to different

experimental conditions (temperature and pressure, incu-
bation time, gas measurement method), the wide variabil-
ity in MSW characteristics and its conditioning for the
essays (moisture content, particle size and sample size),
and the substrate-to-inoculum (S/I) ratios employed,
among others [12–14].
BMP studies for landfills had been used to estimate

the CH4 production potential and evaluate the biological
stability of the biodegradable fraction of MSW by adjust-
ing the test parameters to simulate conditions similar to
those of landfills [15, 16]. Although the S/I ratio is one
of the main factors in BMP tests [17], its influence on
the quality of the results for landfill MSW is rarely
assessed [18]. Also, most of the BMP studies with landfill
MSW reported in the literature have been carried out in
developed countries [9–11].

Given the compositional characteristics of MSW, as
well as the particular environmental and operational
conditions of landfills in tropical developing countries
like Colombia, it is very likely that BMP results differ
from those reported in the literature. Therefore, a proper
evaluation of its measurement is necessary. While some
studies have pointed out these differences for wet landfill
wastes with high OFMSW [19, 20], little information is
available about BMP characterisation for fresh waste
(FW) and excavated waste (EW) from landfills in trop-
ical developing countries.
Knowledge of methane production potential and bio-

degradation kinetics for landfill waste of different age
can help in predicting gas production and landfill per-
formance over time [15]. First-order decay models are
commonly used to describe waste decomposition in
landfills, and its use together with BMP measurements
has proven to be an effective alternative approach to de-
termine appropriate gas generation parameters for land-
fills [20, 21].
In this way, kinetic analysis of BMP data for FW can

aid in selecting appropriate modelling parameters to pre-
dict CH4 generation for landfills in low- and middle-
income countries with potentially gas production, associ-
ated to their highly biodegradable MSW compositional
characteristics. In addition, measuring the remaining
CH4 potential of EW can be used to characterize the ex-
tent of stabilization achieved under the specific environ-
mental and operational conditions of landfills in tropical
developing countries [6].
The novelty of this research work is to characterize,

through the combined used of BMP tests and kinetic
models, the methane potential and anaerobic biodegrad-
ability of MSW disposed of in a tropical landfill in
Colombia. This type of work has been scarcely conducted
for landfills in developing countries and is particularly
relevant for an adequate assessment of their biogas
utilization potential and its relation to the compositional
characteristics and biodegradation dynamics of landfill
wastes in tropical climates. Samples of FW and EW ob-
tained from a tropical landfill serving 20 municipalities in
the south-west part of Colombia were employed in the
study. Additionally, the extent of degradation and stability
characteristics of both waste samples was characterized
through the determination of parameters suggested as in-
dicators of the stabilization in landfills.

Materials and methods
Source and composition of the MSW
The MSW samples were collected from a regional land-
fill in Colombia western province of Valle del Cauca,
which receives approximately 0.832 kt d− 1 of MSW [22].
The landfill comprised of approximately 75 ha, began
accepting waste in 1998 and since then more than 2 Mt
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of MSW have been disposed of in the site. The con-
trolled landfill has a passive LFG structure in place con-
sisting of venting wells, however, LFG is neither
collected, controlled or treated. The region has an aver-
age annual precipitation of 1597 mm (± 224mm) and an
average temperature of 21.3 °C (± 0.5); however, due to
the presence of a bi-modal period of precipitation in
Colombia, the monthly rainfall in the region can in-
crease up to 800mm during the rainy seasons [23].
The FW was taken directly from an active (oper-

ational) cell receiving fresh MSW no more than 24 h
after disposal and without daily covering material. Be-
cause MSW comes in plastic bags, it was necessary to
open the bags to empty and characterize their contents.
The EW had an age of 5 years since its disposal, as it
was extracted at depths between 3 and 4m from a
closed cell covered with soil and vegetation.
Using a quartering method, 150-kg samples of FW and

EW were obtained. The physical composition of the waste
was characterized manually on site and included the cat-
egories commonly found in MSW such as food waste,
yard waste, plastics, paper and cardboard, glass, textiles,
sanitary waste, metals, wood and other materials [2, 24].
For the EW, a category commonly found in aged waste
from landfills and hereafter termed as non-identifiable
waste was also categorised, which consisted of a mixture
of soil-like fines and degraded organic materials [20, 25].

Conditioning of samples
For the conditioning of waste samples, the biodegradable
fractions (food and yard waste, paper and cardboard,

non-identifiable and sanitary waste) were dried and
processed in order to reduce their size for the BMP tests
[18, 26]. First, yard waste, paper and cardboard, non-
identifiable and sanitary materials were dried (70 °C),
then cut and shredded employing a forage mill (TRF
300, Trapp, Jaraguá do Sul, Brazil). Food waste was proc-
essed using an industrial blender (CB15, Waring Com-
mercial, Connecticut, USA).
In this way, the biodegradable waste fractions were re-

duced to particle sizes (< 30mm) more suitable for evalu-
ating the BMP of MSW [11] and to approximate physical
characteristics of wastes affecting flow and the distribution
of solutes and microorganisms in landfills [27]. Subsam-
ples of each of the biodegradable fractions were milled
(LAB MILL-8000, Gardco, Florida, USA) to a particle size
< 1.4mm and used to measure total solids (TS) and vola-
tile solids (VS) according to the 2540-G method [28].

BMP tests
The BMP tests were performed by the manometric
method using 500-mL amber coloured glass bottles that
were hermetically sealed with a metallic cap and a
septum, as shown in Fig. 1 [18, 29]. The working volume
in each test was 400 mL, which left 100mL for the accu-
mulation of biogas. To guarantee that the manometric
measurement of biogas corresponded mainly to me-
thane, each reactor was equipped with a trap in the head
space filled with NaOH pellets to capture CO2.
To record the biogas pressure in the head space of the

reactors, a CPG500-type WIKA manometer was used.
The quantification of the produced CH4 volume is

Fig. 1 Illustration of the experimental unit used in BMP tests
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reported at standard temperature and pressure (T = 273
K, P = 101.3 kPa) and considers the dissolved CH4 [13].
CH4 composition was determined using a chromato-
graph (GC-2014, Shimadzu) equipped with a flame
ionization detector and an electron capture detector
using nitrogen as a carrier gas in a 3-m long HayeSep
column. Granular sludge from an anaerobic digester re-
ceiving wastewater from a cattle and pig slaughterhouse
in Valle del Cauca (Colombia) was used as inoculum,
which was kept at 35 °C in containers that were period-
ically opened to allow for degassing. The inoculum char-
acteristics are shown in Table 1 and included pH, TS,
VS measurements [28] and determination of the specific
methanogenic activity (SMA) following the method rec-
ommended by Torres and Perez [30].
The pH of the inoculum was in the range recommended

for its use in BMP tests [17] and its VS/TS ratio indicates
a significant proportion of organic matter and active bio-
mass. Also, the SMA of the inoculum indicated a moder-
ate biological activity under anaerobic conditions
according to the values suggested by Angelidaki et al. [12]
for granular inoculum. To enhance conditions for sub-
strate biodegradation, a solution of macro-nutrients
(NH4CL, NaHCO3, KH2PO4, MgSO4, CaCl2) and micro-
nutrients (FeCl3, ZnCl2, CuCl2, MnCl2, (NH4)6Mo7O24,
AlCl3, CoCl2, NiCl2, H3BO3, Na2SeO3) used in studies
with OFMSW was added [31]. The mixture was com-
pleted with distilled water and the pH was adjusted to
neutrality using a NaHCO3 solution at 8% (v/v).
The reactors were fed with a reconstituted sample of

the biodegradable fraction of the MSW, which was pre-
pared by separating the readily and moderately bio-
degradable components (food, yard waste, paper and
cardboard, toilet paper and non-identifiable waste) and
mixing them keeping their original proportions in the
landfill. Keeping the substrate concentration constant at
18 g VSsubstrate L

− 1, the quantity of inoculum was varied
to assess three S/I ratios (0.3, 0.5 and 1.0 g VSsubstrate g

− 1

VSinoculum), which are within the range recommended
for the analysis of readily degradable substrates like FW
as well as substrates with reduced biodegradable frac-
tions such as EW [14].
Tests under each S/I condition were carried out in

triplicate, and blank reactors (only inoculum) were run
to determine the endogenous CH4 generation in order

to discount its contribution to the total CH4 production.
Before being sealed, the reactors were purged with N2

gas to guarantee anaerobic conditions; subsequently,
they were placed in an incubator (WTW TS 606-G 2-I,
Giessen, Germany) at 35 ± 0.5 °C without agitation. The
duration of the tests (30 d) was defined considering pre-
vious studies with FW and EW and the recommendation
given by Holliger et al. [14] that BMP tests should end
once the daily production of CH4 is less than 1% of the
total CH4 volume that has accumulated for three con-
secutive days.

Methane production modelling
BMP test results were analyzed using growth models
that allow determination of kinetic parameters such as
the maximum CH4 potential, CH4 generation rate and
the duration of the lag phase. The cumulative methane
generation data obtained from the BMP tests were fitted
to a first-order decay model used to calculate gas pro-
duced by landfills [32] and the modified Gompertz
model [33], as given by Eqs. (1) and (2), respectively.

B ¼ B0 � 1−e−kt
� � ð1Þ

B ¼ B0 � e −e
Rme
B0

λ−tð Þ þ 1

� �� �
ð2Þ

where B is the cumulative CH4 generation (mL CH4 g
− 1

VS) at time t, B0 is the maximum CH4 potential (mL
CH4 g

− 1 VS), e is the mathematical constant (2.718), k is
the first-order decay rate (d − 1), Rm is the maximum
CH4 rate (mL CH4 g− 1 VS d− 1) and λ is the lag phase
(d). The software Matlab 2018a® was used to conduct a
non-linear least square regression analysis to determine
B0, k, Rm and λ. The coefficient of determination (R2)
and the scale-dependent root mean square error (RMSE)
were used as a measure of the goodness of fit [34]. The
significance differences in the BMP due to the S/I ratio
were calculated through a single factor analysis of vari-
ance using Excel® and Tukey’s tests (p < 0.05).

Waste stability characterization
Once the BMP tests were completed, the reactors were
sampled destructively and physicochemical parameters
used to evaluate waste stabilization and leachate quality
in landfills were analysed. Thus, reactors were opened,
centrifugation was immediately performed at 10000 rpm
for 10 min and representative samples of the liquid waste
fraction were filtered using a 0.45-μm nitrocellulose fil-
ter. Total COD and filtered COD (CODf), pH, BOD,
total alkalinity (TA) and bicarbonate alkalinity (BA) were
determined according to APHA [28].

Table 1 Inoculum characteristics

Parameter Value

pH (units) 7.96

TS (g L− 1) 89.83

VS (g L− 1) 68.10

VS/TS 0.76

SMA (g CODCH4 g
−1 VS d− 1) 0.17
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Results and discussion
MSW composition
The physical characterisation results for fresh and exca-
vated MSW samples taken from the regional landfill are
shown in Table 2. Here, previous compositional data
measured at the landfill site are compared against aver-
age MSW composition reported for main urban centres
in Colombia.
In FW, the organics (mainly food and smaller amounts

of yard waste) were the predominant fraction (> 51%),
which is a common characteristic of MSW in low- and
middle-income countries [2]. Plastics (e.g., plastic bags,
packaging material, bottles and containers) constituted
the second largest category in terms of mass, whereas
the percentages of paper and cardboard, metal and glass
were within the range reported for fresh MSW from de-
veloping countries [2, 35].
In contrast, the greatest proportion of EW corre-

sponded to non-identifiable waste (61%), similar to that
reported for EW in other studies [20, 25]. This fraction
was characterized by a high percentage of fines (due to
soil used as daily cover material) mixed with highly de-
graded organic matter. Plastics was the second largest
category in EW, a consequence of both its high propor-
tion in household solid wastes produced in developing
countries with low biodegradability [27].
Significant amounts of sanitary waste were found in

the FW and EW, mostly toilet paper, as it has also been
observed for MSW generated in emerging economies
such as China [35]. Zheng et al. [26] evaluated the bio-
degradability of toilet paper and found it to be similar to
that of most food waste types but higher than that of
moderate biodegradable materials like yard waste or

office paper. Thus, it is likely that food waste, and to a
lesser extent, less degradable materials such as yard
waste and toilet paper, are responsible for the greater
proportion of CH4 generated by MSW disposed of in
landfills in Colombia.
The organic matter content can be related to the state

of degradation of MSW [36] and the VS content has
been identified as a suitable parameter to evaluate the ef-
fectiveness of stabilization strategies for landfills [37].
Fig. 2 shows a VS content profile indicating the contri-
bution of each waste material to the biodegradable frac-
tion of FW and EW, as a percentage of dry mass (DM)
(g VS g− 1 DM). The VS content for FW was comparable
to that of OFMSW generated in several cities in both de-
veloped and developing countries [24]. The easily bio-
degradable waste materials (food and yard waste)
represents 57% of the VS of FW (mainly from food
waste: 46%), whereas the remainder was made up of
moderately degradable materials, such as paper and
cardboard and toilet paper; the contribution of the latter
is even greater than that of paper and cardboard because
of its greater proportion and possibly higher biodegrad-
ability [35].
The VS content for EW was low, even when compared

to that reported for older wastes from landfills with ages
over 8 [20], 10 [38] and 30 yr [36]. In the EW, the non-
identifiable fraction composed of degraded organic ma-
terials contributes to 67% of the VS, which is mostly be-
cause of its high proportion rather than its organic
matter content. Toilet paper and yard waste, both with
moderate biodegradability, contributed with 17 and 14%,
respectively. VS contents below 25% DM had been sug-
gested as a stability indicator for the biodegradable

Table 2 Physical Compositions of FW and EW from the landfill (% by wet mass)

Waste category FW EW Landfill records a Average Colombia b

Food 45.9 – 26.7–40.6 61.5c

Yard waste 5.9 7.4 6.1–14.5

Paper and cardboard 5.6 1.4 1.9–16.3 6.6

Plastics 22.3 26.2 10.8–19.2 10.8

Sanitary 8.8 2.4 2.4–6.3 –

Textiles 5.0 1.4 1.3–6.2 2.7

Metals 0.3 – 0.2–6.9 1.0

Wood 1.2 – 0.1–5.7 0.5

Glass 2.4 – 0.8–5.0 2.4

Ceramic 0.3 – 0.0–11.3 –

Rubber and leather 1.3 – 0.0–1.8 –

Others 0.9 – 0.0–14.0 14.4

Non-identifiable – 61.1 – –

Total 100 100 100 100

a: Fresh MSW received between 2010 and 2016; b: Fresh MSW produced in major cities (Banco Interamericano de Desarrollo (Inter-American Development Bank),
cited by [4]); c: Organics, mainly consisting of food and yard waste
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fraction of MSW [25, 37]. However, since VS measure-
ment can be influenced by lignin and non-biodegradable
organic compounds, its use as stabilization criteria must
be taken cautiously [38]. In this way, the readily bio-
degradable fraction of FW, especially food waste, has the
greatest potential for biogas generation, whereas, for
EW, the remaining CH4 potential can be attributed to
partially degraded materials in the non-identifiable
fraction.

BMP tests
Table 3 shows the composition (% dry mass) of the
reconstituted samples of FW and EW used in the BMP
tests and Fig. 3 shows the CH4 yield obtained at the
three S/I ratios evaluated. The accumulated production
of CH4 for the FW varied between 433 and 528 mL CH4

g− 1 VS, with no significant statistical differences (p <
0.05) between the three S/I ratios. These CH4 yields are
similar or higher than those reported for fresh waste
from landfills with similar compositional characteristics
[15, 16] and are even close to the highest values reported
for OFMSW [10]. Noticeably, the S/I = 0.5 gave the
highest production of CH4, similar to what was found by
Boulanger et al. [18] for BMP tests with MSW at differ-
ent S/I ratios; however, they used waste samples with

lower content (< 16%) of readily degradable materials
characteristic of developed countries.
In the EW tests, the ratios of 0.5 and 1.0 yielded BMPs

of 151 and 135 mL CH4 g− 1 VS, respectively. These
values are within the range reported for waste excavated
from landfills with similar ages [20, 21, 38]. The S/I ratio
of 0.3 resulted in a lower BMP of 54 mL CH4 g− 1 VS,
statistically significantly different (p < 0.05) than the
other S/I ratios, which can be associated with limitations
related to the bioavailability of the EW conforming ma-
terials, rather than to the concentration of biomass, as
observed by Boulanger et al. [18].
The potential effect of endogenous CH4 production dur-

ing BMP tests must be properly assessed and, as a quality
standard, is recommended that the production of CH4 by
the inoculum does not exceed 20% of the total measured
production (inoculum + substrate) [14]. In this study, the
average CH4 production by the inoculum in FW tests was
7, 15 and 16% of the total CH4 at S/I ratios of 0.3, 0.5 and
1.0, respectively. For EW, CH4 production by the inoculum
accounted for 53, 19 and 18% of the total CH4 at S/I ratios
of 0.3, 0.5 and 1.0, respectively. For the EW tests at S/I of
0.3, the endogenous CH4 production due to the inoculum
was higher than the recommended value; incidentally, this
S/I proportion resulted in the lowest CH4 yield. This result
indicates that higher S/I ratios (> 0.3) must be used for
BMP tests with EW. Also, by the end of the tests, the daily
production of CH4 for all tests was less than 1% of the total
cumulative CH4 produced for three consecutive days, indi-
cating that the production of CH4 had stabilized [14].

Methane production modelling
Figures 4 and 5 show the cumulative CH4 production for
FW and EW, respectively, and the fitting curves obtained
using the first-order kinetic model and the modified

Fig. 2 VS content profile for fresh and excavated waste from landfill

Table 3 Composition of FW and EW reconstituted samples (%
by dry mass)

Waste category FW EW

Food 51.8 –

Yard waste 12.9 8.8

Paper and cardboard 10.3 1.3

Sanitary 25.0 5.7

Non-identifiable – 84.3
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Gompertz model. In Table 4, kinetic parameters deter-
mined for each model using Matlab 2018a® are presented.
Figures 4 and 5, and Table 4 show that for FW both

models produced a similar fit to the experimental results
(R2 ≥ 0.98; RMSE: 4.3–15.0), whereas, for EW, the modi-
fied Gompertz model had a better fit (R2 ≥ 0.98; RMSE:
2.4–5.2) than the first-order kinetic model, which pro-
duced lower R2 and larger RMSE. Similar fitting per-
formance of the first-order kinetic model to BMP
experimental data had been reported in studies with
food waste and other organic substrates [34, 39]. Notice-
ably, calculated first-order kinetic parameters for FW
were higher to those reported by Bilgili et al. [15] who
employed BMP results for the organic fraction of fresh
waste samples taken from a sanitary landfill in Turkey

and determined maximum CH4 potential (B0) and CH4

generation rates (k) of 425mL CH4 g
− 1 VS and 0.13 d− 1,

respectively. FW kinetic parameters were also higher to
those obtained by Parra-Orobio et al. [31] (B0 = 149mL
CH4 g− 1 VS, k = 0.19 d− 1) and Cardenas-Cleves et al.
[39] (B0 = 71mL CH4 g− 1 VS, k = 0.06 d− 1) employing
Eq. (1) and BMP results for food waste.
As shown in Fig. 4, CH4 production for FW begins al-

most immediately (λ ~ 0), which suggests the rapid es-
tablishment of adequate conditions for anaerobic
digestion. Schirmer et al. [16] conducted BMP tests on
fresh and one-year-old OFMSW samples from a landfill
in Brazil, obtaining also latency periods below 1 day due
to the rapid transformation of the readily biodegradable
matter. Although the latency phase for the EW was

Fig. 3 BMP for FW and EW at each S/I ratio

Fig. 4 FW BMP at three S/I ratios and best-fit curves using first-order and modified Gompertz models
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slightly longer (0.7–1.5 d), Fig. 5 shows that the CH4

production had a relatively early onset, most likely asso-
ciated to the remaining organic content in the non-
identifiable waste fraction (Fig. 2), which thus consti-
tuted a substrate of rapid assimilation.
The BMP value and CH4 generation rates for FW

show the potential for biogas utilization from waste
with a high content of easily biodegradable materials,
such as that disposed of in landfills in developing coun-
tries. In contrast, the degradation rates of EW are
lower, being the BMP values approximately one quarter
of the CH4 potential measured for FW. This means that
under technically adequate disposal conditions and en-
hanced management strategies waste degradation can
be accelerated and landfills should be expected to have
increased gas production [6]. Landfill management
strategies such as those used in modern bioreactor
landfills (i.e., leachate recirculation, liquid addition or
aeration) have proven to be effective in accelerating

stabilization and CH4 production of landfills in tropical
countries [19, 40]. This is particularly relevant for the
establishment of more sustainable waste disposal
methods in developing countries like Colombia where
improved waste stabilization processes have the poten-
tial to enhance the environmental performance of land-
fills, contributing to mitigate CH4 emissions and reduce
both their long-term environmental impacts and post-
closure management costs.

Stability characteristics
Table 5 summarizes the results of the characterization
performed on the liquid waste fractions at the end of the
BMP tests. The pH values for FW and EW at all S/I ra-
tios were within the range 7–8, recommended for the
adequate performance of the anaerobic process [10].
Furthermore, TA for FW and EW was in the range 3.6–
7.8 and 2.5–6.3 g L− 1, respectively, with BA/TA ratios >
0.9, indicating favourable conditions for methanogenesis

Fig. 5 EW BMP at three S/I ratios and best-fit curves using first-order and modified Gompertz models

Table 4 Parameters of the first-order and modified Gompertz models

First-order kinetics model Modified Gompertz model

S/I B0
a ka R2 RMSE B0

a Rm
a λa R2 RMSE

(mL CH4 g
−1 VS) (d −1) (−) (−) (mL CH4 g

−1 VS) (mL CH4 g
−1 VS d−1) (d) (−) (−)

FW

0.3 427 ± 2 0.28 ± 0.006 0.987 9.6 417 ± 2 69.9 ± 1.5 0.00 ± 0.08 0.993 7.2

0.5 522 ± 3 0.36 ± 0.008 0.991 14.9 506 ± 3 127.4 ± 3.8 0.00 ± 0.06 0.991 15.0

1.0 470 ± 1 0.19 ± 0.002 0.998 4.3 457 ± 2 48.5 ± 1.0 0.00 ± 0.12 0.992 8.9

EW

0.3 55 ± 2 0.23 ± 0.020 0.965 3.3 52 ± 1 11.0 ± 0.9 0.66 ± 0.21 0.982 2.4

0.5 149 ± 3 0.23 ± 0.014 0.921 9.9 140 ± 1 31.9 ± 1.4 1.16 ± 0.12 0.978 5.2

1.0 136 ± 3 0.25 ± 0.018 0.893 10.8 127 ± 1 35.5 ± 1.3 1.51 ± 0.08 0.988 3.6
a Calculated at 95% confidence interval
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and the stabilization of MSW [40]. On the other hand,
COD values for FW and EW were within the range
500–4500mg L− 1 reported for mature landfills [41] and
distributed between its particulate and soluble form
(CODf/COD = 0.5), indicating degradation of the readily
and moderately biodegradable fraction of the organic
matter present in the waste samples [42]. BOD and
COD concentrations depend on the waste degradation
level, and they decrease as they stabilize, therefore BOD/
COD ratios < 0.1 have been suggested as indicators of
stabilization for MSW in landfills [8]. The BOD/COD
ratios of FW and EW liquid fractions were below 0.1
and 0.14, respectively, suggesting an advanced grade of
degradation. Nevertheless, BOD/COD ratios have been
observed to decrease faster than other waste stabilization
parameters and as such, they alone must not be taken to
represent the stabilization of the solid waste [37].
Studies in developed countries have led several authors

to suggest BMP target values less than 10mL CH4 g− 1

DM as termination indicators for landfills [43]. The
average BMP of EW was 113 mL CH4 g− 1 VS (14.6 mL
CH4 g

− 1 DM), close to the aforementioned target values
and significantly low considering the relatively short
time since its disposal (5 yr) under the conventional op-
eration conditions of the landfill.
In this way, the use of BMP tests together with kinetic

models can help in determining appropriate parameters to
predict CH4 generation rates for landfill waste of different
ages, and in particular for landfills in tropical developing
countries characterised by both receiving wet and highly
organic wastes and experiencing dramatic climate changes
between dry and wet seasons [19, 20]. This type of analysis
can be particularly useful in developing countries where
waste degradation characteristics are different, most sites
do not have LFG collection systems, and, therefore the
customary determination of CH4 generation parameters
based on LFG collection data is not viable.
Nevertheless, although kinetic parameters B0 and k,

respectively, are related to the CH4 production potential

and CH4 generation rate constants used in first-order
decay landfill models, their application to predict LFG
production from landfills must take care of the differ-
ences in the way parameters are derived. For instance,
Bo cannot be taken as equal to the CH4 production po-
tential at the landfill, as the latter takes into account
physical and environmental factors affecting final dis-
posal sites (e.g., particle size, moisture distribution and
temperature) that cannot be fully reproduced at the la-
boratory scale [44]. In the same way, parameter k would
be different to the first-order rate constant used in land-
fill models, since in the field CH4 generation rate is af-
fected by the waste age and composition, and
operational factors such as waste depth, density and
water content, as well as climatic conditions at the land-
fill site [20].
Due to the significant proportion of food waste and other

moderately biodegradable materials sent to landfills in trop-
ical developing countries like Colombia, the CH4 potential
and other stabilization indicators may be different to those
reported for developed countries. Likewise, the termination
criteria for landfills in developing countries may vary from
those found in the literature, which have been mostly inves-
tigated for landfill waste with less content of readily bio-
degradable materials. The BOD/COD and BMP results and
the biodegradation kinetic analysis for FW show the
favourable biodegradability characteristics of wastes dis-
posed of in the regional landfill at Valle del Cauca. On the
other hand, characterisation of the CH4 remaining potential
and the extent of degradation achieved by EW is important,
as it helps in establishing adequate completion criteria for
MSW and to identify appropriate stabilization strategies for
landfills in tropical developing countries. Finally, besides
evaluating the biodegradability and CH4 potential of landfill
wastes with varying aged and composition, it is recom-
mendable to conduct experiments at larger scales in order
to asses aspects related to the particular operational and en-
vironmental conditions of final disposal sites in developing
countries.

Table 5 Comparison of degradation and stability indicators for FW and EW

pH BAa TAa CODa CODfa BODa BOD/DQO

S/I (units) (mg CaCO3 L
−1) (mg CaCO3 L

− 1) (mg L− 1) (mg L− 1) (mg L− 1) (−)

FW

0.3 7.7 6951 ± 25 7756 ± 17 5093 ± 529 2179 ± 27 450 ± 30 0.09

0.5 7.6 4729 ± 21 4800 ± 13 4018 ± 36 1491 ± 9 400 ± 25 0.10

1.0 7.5 3545 ± 13 3624 ± 8 1591 ± 110 1083 ± 36 140 ± 20 0.09

EW

0.3 7.9 6155 ± 29 6313 ± 21 4876 ± 294 3058 ± 187 350 ± 30 0.07

0.5 7.5 4032 ± 8 4099 ± 4 2654 ± 35 1444 ± 10 270 ± 30 0.10

1.0 7.2 2435 ± 4 2489 ± 8 1032 ± 30 661 ± 20 140 ± 20 0.14
aAverage values ± SD (standard deviation)
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Conclusions
The BMP results, along with CH4 generation rates deter-
mined, confirm the high biodegradability and biogas po-
tential of MSW disposed of in a tropical landfill in
Colombia, characterized by high contents of both readily
and moderately degradable materials typical for develop-
ing countries. The BMP of the FW was relatively high in
comparison to that reported for fresh MSW and even
OFMSW. In contrast, the BMP for EW was nearly one-
quarter of that measured for FW but falls within the
range reported for landfilled wastes of similar age and
even older.
The first-order and modified Gompertz kinetic models

gave similar fit to BMP data for FW (R2 ≥ 0.99), whereas
the latter gave a better fit for EW (R2 ≥ 0.98). First-order
CH4 generation rates (k) for FW and EW were in the
range 0.19–0.36 d− 1 and 0.23–0.25 d− 1, respectively,
whereas latency values for both types of MSW indicated
a rapid establishment of methanogenic degradation con-
ditions (λ < 1.5 d). Furthermore, the analysis of stability
indicators showed the favourable biodegradability char-
acteristics of the landfill wastes evaluated. In particular,
BMP and BOD5/COD results for EW were close to tar-
get values suggested as indicators of stabilization for
landfills despite its relative short disposal period under
conventional landfill conditions.
These results also indicate that, given the MSW char-

acteristics and the environmental conditions of landfills
in tropical developing countries, the application of en-
hanced landfill management strategies has the potential
to accelerate waste degradation, a key aspect towards
improving biogas utilization and the lifespan of final dis-
posal sites in developing countries.
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