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Abstract: This study evaluated leachate recirculation (LR) as a stabilisation strategy for landfills using
bioreactor experiments with excavated waste from a tropical landfill in Colombia. The experimental
evaluation was performed in two 115 L bioreactors, one simulating the operation of a landfill with LR,
Br2, where the leachate produced was recirculated at a rate of 0.8 L d−1, and a control system without
LR, Br1. Both systems reached stabilisation indicator values on a dry matter (DM) basis for volatile
solids VS (<25% DM) and a biochemical methane potential BMP (≤10 mL CH4 g−1 DM). Likewise,
towards the end of the experiment, the leachate generated in Br2 reached stabilisation indicator values
for BOD5 (<100 mg L−1) and the BOD (biological oxygen demand)/COD (chemical oxygen demand)
ratio (<0.1). Although the stabilisation criterion for COD was not met in any bioreactor (<200 mg L−1),
LR helped to release 19% more oxidisable organic matter in Br2 than in Br1, indicating a reduction
in the contaminating potential of the waste in the case of uncontrolled discharges of leachate to the
environment. Regarding biogas production, the generation of CH4 in Br2 was more intense and its
cumulative production was 34.5% higher than Br1; thus, Br2 achieved CH4 emission rates, indicating
waste stabilisation (<1.0 L CH4 m−2 h−1) sooner than Br1, showing an accelerating effect of LR on
waste degradation. A carbon mass balance indicated that waste degradation, in terms of the initial
total organic carbon mineralisation and the C gas discharge via CH4, was greater in Br2. These results
demonstrate the LR potential to accelerate the stabilisation of a landfill but also to reduce greenhouse
gas emissions in final disposal sites where biogas is also captured and utilised for energy production;
a key aspect when improving the sustainability of landfill operations in developing countries.

Keywords: leachate recirculation; methane; renewable energy; biogas

1. Introduction

One of the main stabilisation strategies for landfills (SSL) is waste humidification or
increasing waste moisture content [1–3]; and leachate recirculation (LR) is one of the most
employed humidification techniques in modern landfills [4,5]. Experience indicates that
stabilisation time is reduced to periods of 10–15 years in landfills properly constructed
that use LR, such as bioreactor landfills, compared to the 30 or more years required at
conventional landfills [6]. Other advantages of bioreactor landfills over conventional
landfills are an increase in waste settlement and the improvement in landfill gas production
and treatment of leachates [7–9].

This strategy not only reduces the risk associated with the contamination of ground-
water and soils in the event of a possible failure of the landfill confinement system (due to
slope failures, damage of linings, etc.), but it can also increase the service lifespan of the sites
and reduce their operation and post-closure management periods, also improving their
environmental and economic sustainability [10,11]. Improving the operation on landfills
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in developing countries (DC) is a key aspect for establishing more sustainable solid waste
final disposal systems, given the continuous growth in municipal solid waste (MSW) gen-
eration and the still incipient development of integrated solid waste management systems
in DC [12].

The massive use of LR techniques has accelerated interest in the study of the different
methods used in their implementation as well as in the most determining variables in
their operation. Moisture content is a fundamental parameter in SSL via humidification,
and maintaining it in the range of 40–65% is desirable to promote the rapid decompo-
sition of MSW [13]. For this reason, bioreactor landfills operate under similar moisture
conditions [14].

Another key factor that varies according to the LR-specific objectives is the leachate re-
circulation rate, being generally greater when the main aim is to optimise biogas generation
(100–200 L ton−1 waste), although the waste composition and site-specific environmen-
tal conditions must also be taken into account (e.g., precipitation, temperature, evapora-
tion) [15]. Together, these factors define waste hydraulic properties such as porosity, density
and hydraulic conductivity that govern the movement of fluids, solutes and biomass and
determine the course of the degradation processes in landfills [16,17]. In addition to waste
biodegradation, compaction reduces porosity and increases the waste density, reducing
hydraulic conductivity in landfills therefore hindering the infiltration and distribution of
liquids or the extraction of gases [3]. In the case of tropical landfills, high precipitation and
the characteristic wet MSW generated in DC affect these hydraulic properties, making it
necessary to use appropriate recirculation rates to control leachate and gas flows.

MSW produced in DC also affects the control and utilisation of landfill gas in sites
operated under SSL. For instance, in developed countries where this type of research has
been mainly conducted, the establishment of a methanogenic phase is slow due to the high
content of paper, cardboard and garden waste, which makes methane emissions initially
less intense but long-lasting [18]. In contrast, waste from DC tends to degrade faster given
the high content of biowaste, especially food waste; thus, landfill gas management must be
carried out earlier via systems that allow its capture and utilisation.

The limited applications of SSL in DC evidence the need to investigate its applicability
by considering the type of waste disposed of and landfill operating conditions in these
countries. Previous studies, conducted mainly with fresh waste (FW) from landfills of the
organic fraction of MSW, have denoted the positive effect of LR on biogas production and
parameters used as stabilisation indicators for landfills, such as volatile solids (VS), biochem-
ical oxygen demand (BOD) and chemical oxygen demand (COD) [19–22]. Additionally,
several studies in DC have reported a positive effect of LR on landfill settlement [23,24].

In contrast to FW research, few studies in DC have evaluated LR with excavated waste
(EW) from landfills [19,24]. Most of the landfill stabilisation criteria have been suggested
based on studies conducted in developed countries, in terms of parameters such as BMP,
respirometric index, total organic carbon (TOC), COD, BOD, BOD/COD ratio, cellulose,
lignin, cellulose to lignin ratio (C/L) and ammoniacal nitrogen (NH4

+) [2,14,25–28]. In
other studies in developed countries, stabilisation criteria based on mass balances have been
suggested; for example, characterising the degradation of organic carbon in the waste and
proposing C emission rates (in terms of CO2, CH4 or CO2 + CH4) as landfill stabilisation
indicators [29–31].

It is likely that landfill stabilisation criteria in DC are different, not only because of
the MSW characteristics but also because of the landfill’s environmental and operating
conditions. A few studies with EW in DC have evaluated these differences for some waste
stability indicators [18,24,32]; however, their information is still scarce. Therefore, it is
necessary to establish adequate criteria to evaluate landfill stabilisation in DC.

On the other hand, the large variability in MSW produced worldwide and the intrinsic
heterogeneity of landfills limit the use of the generic stabilisation criteria found in the
literature and instead denote the need for properly contextualised assessments [33]. For
example, Ponsá et al. (2008) [34] , observed the difficulty of achieving the BMP stabilisation
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criterion for MSW and MSW‘s organic fraction subjected to mechanical-biological treatment
(MBT) (BMP > 10 mL CH4 g−1 DM), while O’Donnell et al. (2018) [35], reported cellulose
(<1.5%), C/L ratio (<0.2) and BMP (<0.2 mL CH4 g−1 DM) and suggested criteria in a
landfill in the US 20 years after its closure, despite the fact that the site was found to be
functionally stable in terms of landfill gas production, cover settlement and leachate quality
(except for NH4

+, NH3).
High dependence on landfills for managing MSW, the poor technical standards fol-

lowed by several sites, a lack of financial provisions required for their post-closure manage-
ment as well as the short lifespans of existing sites have made the optimisation of landfill
operations a priority within the current solid waste management policies in Colombia [36].
As a result, current regulations establish that in addition to the treatment and final disposal
of solid waste, landfills must include recycling processes, recovery of the waste organic
fraction and the use of landfill gas for energy production, also stating that leachate treat-
ment systems must use LR in landfills where evaporation is greater than precipitation (e.g.,
Resolution 938 of 2019) [37].

This study evaluates the application of LR as a stabilisation strategy for landfills in
DC, through experiments in landfill simulation bioreactors using EW obtained from a
tropical sanitary landfill located in southwest Colombia. The functioning of humidification
via LR was evaluated in terms of parameters suggested as stabilisation indicators for
landfills. Hence, in addition to evaluating its applicability as SSL, the results can contribute
to the establishment of adequate criteria to assess the environmental performance and
post-closure management of final disposal sites in DC.

2. Materials and Methods
2.1. Waste Source

Five-year-old EW, obtained from a regional sanitary landfill, was used in this study.
After separating and classifying the different fractions, an initial screening was conducted
to separate large items (>30 mm), rocks and other non-biodegradable materials present in
the non-identifiable fraction (a mixture of soil-like and organic fines commonly found in
landfills). The EW biodegradable fractions were mixed keeping their original proportions
in the landfill: yard waste (15.4%), paper and cardboard (3.7%), sanitary waste (3.8%) and
non-identifiable material (77%), on a wet basis. This procedure has two advantages: on the
one hand, it helps reduce the difficulties inherent in obtaining sufficiently representative
samples of heterogeneous systems such as landfills [38,39], and on the other hand, it
allows us to take into account the influence of partially degraded materials present in EW,
represented by the unidentifiable fraction. Although the CH4 generation potential of this
fraction is usually low, its contribution to biogas production is important given its high
proportion in landfills [40].

2.2. Landfill Simulation Bioreactors

The simulation of LR as a stabilisation strategy was performed in 115 L polymethyl-
methacrylate bioreactors (0.38 m internal diameter and 1.0 m high) (Figure 1). Its design
was based on previous studies of landfill waste degradation [16,41,42] and SSL using biore-
actors [29]. Two bioreactor configurations were evaluated: Br1 represents the operation of
a conventional landfill, and Br2 where humidification via LR was simulated.

Waste was deposited on a perforated plate located 10 cm above the bioreactor base,
to facilitate leachate drainage. A peristaltic pump was connected to an irrigation system
consisting of perforated stainless-steel tubes distributed radially (diameter = 0.36 m). Waste
was uniformly distributed by loading waste layers and exerting compaction manually up
to an average wet density of 935 kg m−3, similar to the waste density values recommended
for landfills in Colombia (≥850 kg m−3) [43]. Waste density was determined using the EW
wet mass and its corresponding volume, by measuring its height and the cross-sectional
area of the bioreactor [41,44].
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around them and finally covered by a 2 cm sheet of insolation foam. The temperature was 
controlled by a sensor inserted at the centre of the waste mass connected to a thermostat 
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36 °C, within the mesophilic range (20–40 °C), which generates an adequate long-term 
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to maintain the waste moisture content relatively constant [32,45,47]. Daily recirculation 
with an average LR rate of 0.8 L day−1 was used in Br2, a value established to keep mois-
ture in the range of 40–65%, which favours rapid waste degradation [21], but also consid-
ers LR rates used in similar experiments with EW (~0.7–4.5 L day−1) [27,45,48,49] and 

Figure 1. Landfill simulation reactor.

The bioreactors were first coated with aluminium foil, then a heating wire was coiled
around them and finally covered by a 2 cm sheet of insolation foam. The temperature was
controlled by a sensor inserted at the centre of the waste mass connected to a thermostat
controlling the heating wire. The bioreactor internal temperature was maintained close
to 36 ◦C, within the mesophilic range (20–40 ◦C), which generates an adequate long-term
balance between biogas production and leachate quality (in terms of COD) [45] and is
consistent with the mean temperature reported for landfills (~30–40 ◦C) [3,30].

Once loaded, the bioreactors were hermetically closed and deionised water was grad-
ually added during the first two weeks to promote the onset of degradation and the
generation of enough leachate to saturate the EW up to field capacity conditions [46].
Henceforth, deionised water was only added to replenish leachate extracted for laboratory
and to maintain the waste moisture content relatively constant [32,45,47]. Daily recircula-
tion with an average LR rate of 0.8 L day−1 was used in Br2, a value established to keep
moisture in the range of 40–65%, which favours rapid waste degradation [21], but also
considers LR rates used in similar experiments with EW (~0.7–4.5 L day−1) [27,45,48,49]
and values effectively applied in landfills (0.01–4.1 L day−1) [15]. Table 1 summarises the
bioreactors operating conditions.

Except for LR, the operation of both bioreactors was identical during the 270 days of
experimentation and included periodic monitoring of the biogas and the leachate produced,
as well as the initial and final characterisation of solid waste stabilisation. Likewise,
hydraulic waste characterisation was performed by measuring the porosity and hydraulic
conductivity at the end of the tests.
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Table 1. Operation conditions in landfill simulation reactors.

Unit Br1 Br2

Initial waste mass (kg DM) 27.7 26.1
Initial waste volume (L) 47.6 45.4
Initial bulk density (kg m−3) 0.94 0.93
Temperature (◦C) 37.0 36.7
Liquid to solid ratio (L/S) a (L kg−1 DM) 0.34 0.40
Total recirculated leachate (L) 0 172.5
Recirculation rate (L day−1) 0 0.73
Operation time (days) 272 272

a: total amount of added water per dry waste mass. DM means dry mass.

2.3. Sampling and Analytical Methods
2.3.1. Leachate

A total of 90 leachate samples were taken from each bioreactor during the experiments,
and their characterisation included measurement of pH, volatile fatty acids (VFA), COD
and filtered COD (CODf), BOD5, ammonia nitrogen (NH4

+), total alkalinity (TA) and
bicarbonate alkalinity (BA) according to APHA et al. (2012). The TOC samples were
measured using a continuous Skalar San Plus 5000 System flow analyser (Skalar, Breda,
Netherlands). The discharge of COD, NH4

+ and TOC in the leachate was calculated as the
difference in mass between two consecutive samplings, this is multiplying the amount of
leachate removed by the parameter concentration for the corresponding period [29,48,50].

2.3.2. Biogas

Biogas production was measured continuously using a tipping-bucket gas flow meter
connected to each bioreactor gas outlet. The gas flow meter consisted of a triangular
inverted tipping bucket immersed in an acidified solution to prevent the dissolution of
CO2 [51]. Each time the bucket collects a certain amount of gas, a sensor connected
to a counting device records the movement of a magnet attached to the bucket, thus
continuously monitoring the amount of gas produced.

Biogas samples were taken weekly in Tedlar bags connected to the bioreactor gas
outlet and its composition (% CH4 and CO2) was measured using a GFM-406 gas analyser
(Gas Data Ltd.). CH4 and CO2 production were calculated on a dry basis, at standard
temperature (0 ◦C) and pressure (1 atm), according to [52] (Table 2).

Table 2. Calculation of biogas and methane produced in bioreactors.

Equation Description

Pw = 0.61121 × e((18.678− T
234.5 )×( T

257.14+T )) (1) a Pw : water vapour pressure (kPa)
T: experiment temperature (◦C)

Vbiogas = Vo × Pa
101.2 × 273.2

273.2+Te
×

(
1 − Pw

Pa

)
(2)

Vbiogas: biogas volume at standard conditions (mL)
Vo: measured volume (mL)

Pa: atmospheric pressure (kPa)

VCH4 = Vbiogas × %CH4 (3) VCH4: CH4 volume at standard conditions (mL)
%CH4: CH4 percentage in biogas (%)

VCO2 = Vbiogas × %CO2 (4) VCO2: CH4 volume at standard conditions (mL)
%CO2: CH4 percentage in biogas (%)

a: Buck’s equation (1981).

Since biogas production was measured continuously, and its composition was anal-
ysed weekly, the percentages of CH4 and CO2 correspond to those measured for the
corresponding sampling period. The carbon discharge in the biogas (Cgas) was calculated
from the volume of CH4 (VCH4) and CO2 (VCO2) produced [49], determining their molar
quantity, n (mol), applying the general gas law: PV = nRT, where V (L) is the volume at
standard P and T and R the ideal gas constant (0.082 atm L K−1 mol−1). Therefore, the
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carbon mass released was calculated by considering that in one mole of CH4 or CO2 there
is one mole of C (=12 g of C).

2.3.3. Solid Waste

The solid waste characterisation was performed at the beginning and end of the
experiments and included measurement of moisture content, total solids (TS) and VS
according to APHA (2012) [53], cellulose and lignin based on the method of Van Soest et al.
(1991) [54] and TOC using a continuous flow analyser (Skalar San Plus 5000 system). The
BMP was determined by the manometric method, following the procedure described by
Sandoval-Cobo et al. (2020) [55], whereby 59.8 g of EW was incubated with granular sludge
from an anaerobic digester receiving wastewater from a cattle and pig slaughterhouse. A
substrate to inoculum ratio (S/I) of 1.0 g VS substrate g−1 VS inoculum was used, tests
were carried out in triplicate, monitored for 30 days and blank reactors (only inoculum)
were run to discount the contribution of the inoculum to CH4 production.

2.3.4. Statistical Analysis

To determine significant differences between parameter values measured to solid waste
samples at the beginning and end of the experiments, one-factor analysis of variance (ANOVA)
and Tukey test (p < 0.05) were performed in Excel (Microsoft Excel, 2016) [29,48,56].

2.3.5. Mass Balance

To evaluate waste degradation, a mass balance was established for each bioreactor
considering the difference between the initial organic carbon of the waste (TOCin) and
that at the end of the tests (TOCend), denoted as ∆TOCs, and the release of carbon in the
gas phase (Cgas) and the TOC discharged in the leachate (TOCl). This way, the total TOC
balance for each bioreactor was calculated as [29]:

ErrTOC = ∆TOCs − Cgas − TOCl (5)

where ErrTOC represents the difference in the total TOC balance between solid, gas and leachate.

3. Results and Discussion
3.1. Leachate

The greatest increase in BOD5 and COD since the start of the experiment took place in
both systems around the fifth week (Figure 2), for the latter probably due to the hydrolysis
of the partially degraded fractions present in the EW favoured by moisture and temperature
within the bioreactor. In this period, the BOD/COD values were 0.45 and 0.41 for Br1 and
Br2, respectively, which is within the range for partially stabilised leachates (0.1–0.5) [57]
and is consistent with the EW age (~5 years).

The greater COD and BOD5 increments in Br2 indicate the effect that LR has on initial
waste degradation stages, as has been observed in similar studies with EW [45,46]. LR
could have accelerated hydrolysis and acidogenesis processes in Br2 by favouring greater
leaching of soluble organic substances from the solid waste to the liquid phase which,
when recirculated, improves the contact between biomass and the more easily assimilable
waste fractions [19]. This, together with the variable biodegradability characteristics of the
various materials found in MWS, might explain the fluctuation in BOD/COD observed.
In both systems, COD reduction during the first five weeks was consistent with the VFA
decreasing trend, indicating the transition towards more favourable methanogenic degra-
dation conditions since pH was close to neutrality and TA/BA ratios ~0.8 during most of
the experimentation, indicating an adequate buffer capacity [58].

The final COD values in Br1 and Br2 were 1263 and 694 mg L−1, respectively, higher
than the stabilisation criterion suggested for landfills (<200 mg L−1) [25]. Regarding BOD5,
only the final Br2 value (70 mg L−1) was below 100 mg L−1, the target stabilisation value
proposed for leachates by Reikes (2003) (cited by [59]). In general terms, the impossibility
of reaching lower COD values in mature leachates is related to difficult or slow degradation
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compounds produced by MSW decomposition in landfills; for example, humic substances
and high-molecular-weight organic compounds [60].
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In terms of TOC, waste decomposition and the leaching of degradation by-products
may explain why its initial content in both bioreactors (~3500 mg L−1) decreased between
the third and fourth month and then increased. On the other hand, although TOC tends
to decrease with the degree of waste stabilisation [39], it is likely that the observed vari-
ability was influenced by the characteristic MSW heterogeneity, as with other stabilisation
indicators for landfills [26,40].

BOD/COD ratio fluctuated between 0.06 and 0.70, reaching final values of 0.35 and
0.10 for Br1 and Br2, respectively. The final BOD/COD ratio for Br2 is comparable to that
of mature leachates [60] and meets the landfill stability criterion of BOD/COD < 0.1 [14,61];
however, some studies indicate that the BOD/COD relationship does not always correlate
well with solid waste stabilisation. Thus, it must be analysed in conjunction with other
stabilisation indicators [35,62].

During the first 200 days, NH4
+ concentrations in Br1 increased slightly due to

its limited transformation under anaerobic conditions, which then decreased, because
of its dilution (by the addition of water) and transformation into N2O/N2 by nitrifica-
tion/denitrification processes in anoxic zones [48,63]. In contrast to what was observed in
Br1, the concentration of NH4

+ in Br2 decreased moderately but continuously, as observed
in similar studies with EW [27,28,50]. It is expected that NH4

+ was the predominant N
species under the pH conditions observed (<8), and it is likely that leaching, and even
its transformation into N2O/N2 owing to inevitable air intrusion, occurred in Br2 due to
leachate recirculation [48]. Although final NH4

+ concentrations in Br2 were indicative
of leachate stabilisation (10–300 mg L−1) [25], achieving such concentrations in land-
fills using solely humidification as SSL is unlikely and thus the implementation of LR
generally requires leachate treatment systems to reduce NH4

+ to acceptable levels (e.g.,
<70 mg L−1) [63]. Nevertheless, since NH4

+ largely determines leachate treatment intensity,
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its removal positively impacts the duration and costs of landfill post-closure management
activities [27,64].

LR Effect on Leachate Discharges

There were slight differences between Br1 and Br2 in terms of changes in organic
matter; however, evaluating the impact of LR requires the analysis of its effect on the
discharges of pollutants in the leachate produced, for instance in terms of oxidisable
organic matter (i.e., COD) or nitrogen released (Table 3). The cumulative COD discharge in
Br1 and Br2 was 583 and 694 mg O2 kg−1 DM, respectively; therefore, LR made it possible to
increase the release of oxidisable organic matter of EW by 19%. Alternatively, the nitrogen
discharge in Br2 (expressed as total nitrogen Kjeldahl; NTK) was 331 mg kg−1 DM, 27%
lower than that of Br1, probably due to its transformation into N2O/N2.

Table 3. Leachate emission potential in Br2 and comparison with reference studies.

Time Frame
(Days)

L/S
(L kg−1 DM)

LR
(L Day−1)

COD
Emission

(mg kg−1 DM)

NTK
Emission

(mg kg−1 DM)

EW Age
(Years)

VS
(%)

This research
(Br2) 272 0.4 0.73 694 331 a 5 13.0

[27] 531 2.0 0.04 2000 635 a 8–17 12.2
[45] 1050 1.5–1.8 2.2–4.5 4800 1348 3.5 45.0

a: Estimated as 1.05 × NH4
+ according to [45].

As shown in Table 3, the emission potential of EW treated by LR depends not only
on the operating conditions, e.g., temperature, duration of tests and the volume of liquids
added (L/S ratio) or recirculated, but also on waste characteristics, such as its composition,
age and biodegradability (e.g., in terms of VS). Studies such as those by [27,45] indicate that
the optimisation of moisture (e.g., L/S = 1–2 L kg−1 DM) and LR rates applied improves the
emission of oxidisable organic matter and nitrogen from EW. Likewise, bioreactor studies
with food waste have shown the positive effect of humidification and continuous LR on
organic matter degradation and removal [65].

There are two important conclusions regarding the effect of LR on leachate discharges.
In the short term, the acceleration of degradation processes may affect leachate treatment
efficiencies, making it necessary that the application of LR be complemented with measures
to manage the excess of leachate produced (e.g., through evaporation ponds to facilitate
its storage and recirculation) and the removal of less biodegradable compounds (e.g., via
reverse osmosis, aeration or oxidising agents) [3]. In the long-term, a greater release of COD
and a lower concentration of NH4

+ could reduce the contamination potential of leachates:
this is one of the main objectives of SSL since it reduces the risk of uncontrolled landfill
emissions on health and the environment.

3.2. Biogas

Biogas production had an early onset in both bioreactors (Figure 3); however, by day
45 when the highest biogas generation rates were recorded, the cumulative production
of CH4 in Br2 was 7.2 times greater than in Br1. This phase of intense biogas production
coincided with the period of the greatest reduction in organic matter in the leachate (COD
and VFA), indicating that under the improved conditions of moisture and temperature, EW
constituted an easily assimilable substrate [46,55].

CH4 generation in Br2 was more intense during the first weeks and 60 days after the
start of the experiments its cumulative CH4 production was 11.9 L kg DM−1 (equivalent to
80% of its total CH4 production at the end of the experiment), whereas in Br1 it was 5.0 L kg
DM−1, 46% lower than in Br2. At the end of the experiments, the cumulative production of
CH4 in Br2 was 34.5% higher than that of Br1, indicating that LR increased the production
of CH4 compared to the system without LR.
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During the first 60 days, the percentage of CH4 in biogas was between 40% and 65%
in both systems, characteristic of methanogenic degradation conditions for MSW [66].
From this point on, the percentage of CH4 and CO2 in Br1 remained relatively constant
and the CH4/CO2 ratio used to identify degradation phases in landfills was similar to
that observed in sites under stable methanogenic degradation conditions (CH4: 50–60%;
CH4/CO2: 1.0–4.0) [67], as shown in Figure 4.
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Conversely, by day 60, the percentage of CH4 in Br2 decreased rapidly and the
CH4/CO2 ratio dropped to < 1.0, characteristic of advanced stages of degradation in
landfills [68]. Francois et al. (2007) [39] measured the percentages of CH4 characteristic of
methanogenic phases (~54%) for 8-year EW from a landfill in France treated in bioreactors
with LR (0.54 L day−1), also reporting an accelerating effect of the LR on biogas production.
Using 10-year EW from a tropical dumpsite in India [24], measured the percentages of CH4
in the range 15–47% during bioreactor experiments with larger LR rates (9–30 L day−1),
also concluding that LR intensified biogas production.

The effect that LR has on the acceleration of waste degradation and landfill stabilisation
can be examined by analysing CH4 production rates and the corresponding total carbon
emission (understood as the sum of CH4 and CO2 emissions). Figure 5 shows the daily and
weekly average rate (calculated as the moving average for seven days) of CH4 production
per unit area, considering the bioreactor cross-sectional area (0.116 m2).
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The weekly average CH4 production rate in the first weeks was higher in Br2, reaching
maximum values around day 45, at 5.8 L CH4 m−2 h−1 (~38 L day−1), 2.5 times higher
than the maximum average rate in Br1, which was 2.3 L CH4 m−2 h−1. From this point
on, the average rate of CH4 production decreased in both systems. However, in Br2, it
decreased faster, and around day 60, it was established below <1.0 L CH4 m−2 h−1, a value
suggested as a stabilisation criterion for landfills based on the methane oxidative capacity
of the final coverage in landfill sites [26]. By contrast, in Br1, this criterion was met 30 days
later, indicating the potential for LR to accelerate waste stabilisation and reduce landfill
CH4 emissions to acceptable levels in terms of its impacts on health and the environment.

In a similar way to biogas production, carbon discharge via CH4 and CO2 produced
in Br2 (Cgas) increased rapidly until day 40, when it reached its maximum (Figure 6).
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In contrast, Cgas in Br1 was less acute, although it peaked around the same period.
The cumulative Cgas due to CH4 and CO2 was 59.1% and 40.9%, and 62.2% and 37.8% for
Br1 and Br2, respectively; therefore, LR made it possible for a larger fraction of the carbon
gas to be discharged as CH4, a greenhouse gas with a global warming potential 28–30
times greater than that of CO2 [69]. This corroborates how the application of LR together
with landfill gas capture and utilisation constitute a key factor in reducing global warming
and other environmental impacts associated with landfills emissions, and the benefits that
modern stabilisation strategies represent for mitigating climate-change-related impacts
produced by landfills in DC.

3.3. Solid Waste

Table 4 shows the changes in moisture and stability indicators measured for the EW
solid fraction before and after the experiments.
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Table 4. Initial and final characterisation of EW moisture and stability indicators.

Beginning Final Br1 Statistical Test a Final Br2 Statistical Test a

Moisture (%) b 38.2 (0.3) 33.4 (0.12) * 37.9 (0.1) *
VS (% DM) 13.0 (1.0) 10.1 (0.5) * 8.8 (0.5) *

TOC (% DM) 12.8 (0.9) 12.6 (1.2) ns 11.9 (0.5) ns
Cellulose (% DM) 47.7 (18.6) 49.4 (31.3) ns 45.2 (32.0) ns

Lignin (% DM) 9.8 (0.9) 10.9 (4.8) ns 11.9 (6.3) ns
BMP (mL CH4 g−1

DM)
17.5 (1.4) 2.4 (0.4) ** 1.0 (0.6) **

a: significance level according to the t-test for each bioreactor treatment; b: total mass. * p < 0.05, ** p < 0.01, ns: not
significant p ≥ 0.05.

The EW’s initial moisture content was within the range measured during sampling
in the landfill site (36.1–48.6%) and is comparable to that reported for EW with a similar
age in Brazil (36.3–48.6%), China (40.4–43%) or India (28–30%) [32]. At the end of the
tests, moisture in Br2 was similar to the initial level (p < 0.05), but was significantly
higher than in Br1, indicating that LR allowed the reaching and maintaining of favourable
moisture conditions for waste degradation. Furthermore, the higher moisture content in
Br2 was close to the one recommended for bioreactor landfills (40–65%) and was positively
correlated with the greatest reductions observed in the stability indicators (BMP, VS, TOC,
BOD/COD); additionally, the final waste density (857 kg/m3) was above the minimum
value required for sanitary landfills in Colombia (≥850 kg m−3) [43]. Thus, the LR rates
applied not only helped to establish favourable degradation conditions but also indicate
that higher LR rates could be used, something that could improve stabilisation results.

The original VS content of the EW was low. However, its reduction was significant
(p < 0.05) in both bioreactors, although a lower value was reached in Br2. Hence, there was
a clear correlation between the reduction in VS and the degradation of organic matter, and
final VS in both systems were lower than target values suggested as stabilisation criteria
for landfills (<25% in DM) [26,39].

EW’s original TOC was within the range (3–18% DM) reported for landfill waste
with high content of organic fractions in countries such as China [50,70], India [21,32] or
México [7]. Final TOC in Br2 (11.9% DM) was lower than that of Br1 (12.6%), although they
did not reach stabilisation target values for landfills (e.g., <5% or 3% DM for non-hazardous
or inert waste) [71]. Alternatively, TOC reductions, which were 1.6% and 7.3% for Br1 and
Br2, respectively, are comparable to similar studies with EW but for longer experimental
periods: Brandstätter et al. (2015) [29] , obtained 16.8% TOC reduction for 40-year EW
(initial TOC = 6.67% DM) treated in bioreactors with LR for 823 days, whereas Wu et al.
(2016) [50] obtained 2.4% TOC reduction for 5–8-year-old EW (initial TOC = 11.2% DM) in
experiments simulating the operation of a conventional landfill during 1650 days.

The low TOC reduction observed for the EW solid fractions might be due to the pres-
ence of either slow or hardly biodegradable compounds such as synthetic materials, lignin
or humic substances [49]. In fact, Prant et al. (2006) [27] indicated that only a fraction of the
TOC in MSW is degradable (30–40%) under the prevailing anaerobic conditions in landfills
so that the remaining organic compounds are responsible for the main environmental
risks associated with landfill emissions. Therefore, although TOC reduction for the EW
solid fraction was insignificant, it does indicate the potential for humidification to favour
landfill waste organic stabilisation, an important aspect for the post-closure management
of landfills in DC.

The initial cellulose content of EW was within the range observed in landfills, which
can range from <1.0% DM for EW from old sites [27,29] to values close to 50–60% DM [72],
and it only slightly decreased in Br2, whereas in Br1 it increased, possibly due to recalcitrant
by-products from different phases of waste degradation, which are mixed and leached
through the waste mass as a result of the operation of the landfill itself. Likewise, increases
in cellulose are also related to the difficulty of obtaining representative waste samples from
landfills [26,72]. Final cellulose values did not meet the suggested stabilisation criteria for
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landfills (<1.5% DM) [26], and neither did the cellulose to lignin ratios (C/L) for Br1 (4.5)
and Br2 (3.8) (not shown in Table 4), which were above the stability criterion (≤0.2) [14],
most likely due to the slow anaerobic biodegradability of lignocellulosic compounds, as
has been observed in other studies with EW [18,52].

Previous studies with aged EW (>15 years old) where target values for cellulose and
lignin were not met, such as those of [52] or [26], evidenced how difficult it is to meet this
stabilisation criterion under conventional landfill operating conditions. In fact, during
the sampling and physical characterisation of EW, partially degraded yard waste, toilet
paper and diapers were still recognisable after five years of its disposal at the regional
sanitary landfill.

The initial BMP was comparable to that of EW from landfills with a similar age and
even older [40,73], and although in both bioreactors it decreased significantly (p < 0.01) and
reached the target values proposed (≤10 mL CH4 g−1 DM) [25,28], BMP reduction in Br2
was slightly greater (95.1%) than in Br1 (88.6%). The greater BMP reduction in Br2 was
positively correlated with both its higher VS and TOC reductions and higher final moisture
content, demonstrating the LR potential to enhance biogas production and stabilisation.

Furthermore, the specific effect of LR on the readily biodegradable waste fractions can
be analysed by contrasting the CH4 cumulative production in each bioreactor against the
initial EW BMP, which was 17.5 L CH4 kg−1 DM and would correspond to its maximum
CH4 production potential under anaerobic conditions. At the end of the tests, cumulative
CH4 production in Br1 and Br2 was 11.0 and 14.8 L CH4 kg−1 DM, which corresponds to
63% and 84.7% of its initial BMP, respectively; therefore, CH4 production in Br2 was closer
to the EW CH4 generation potential. Thus, for the same operation period, LR accelerated
the degradation process in Br2.

3.4. Mass Balance

Approximately 8.0% and 13.5% of the initial EW carbon content in Br1 and Br2 were
degraded during the experiments, respectively. In the solid phase, the carbon loss in Br2
(452.3 g) was greater than that in Br1 (282.4 g), indicating that the solid waste degradation
was 1.6 times greater in the LR system (Figure 7). In both systems, the carbon reduction
of the substrate occurred mainly through biogas, with 243 g C released as Cgas in Br1 and
311.6 g C in Br2. This way, Cgas discharge was higher from Br2 (9.3% of the initial waste
TOC) than from Br1 (6.9%), i.e., mineralisation of carbon initially present in EW was 36%
higher in the bioreactor with LR. Alternatively, leachate carbon emissions (TOCl) were
lower than those of gas, being 26.1 g in Br1 and 26.3 g in Br2 (~0.7% of the initial waste
TOC in both bioreactors), indicating that carbon removal from EW through leachate was
negligible compared to its release in the gas phase.
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The TOC balance precision was evaluated by comparing changes in the initial and final
TOC (∆TOCs) and the calculated carbon fluxes for each bioreactor, in terms of a percentage
error, according to Brandstätter et al. (2015):

%ErrTOC =
ErrTOC

∆TOCs
× 100 (6)

The analysis showed % ErrorTOC of 5% and 25% for Br1 and Br2, respectively, com-
parable to errors in C balance between 11% to 32% that have been reported for other
studies where bioreactors have been used to simulate the operation of SSL [29,31]. In this
study, deviations in the C mass balance can be attributed to CO2 and CH4 losses during
leachate sampling and recirculation, especially during the first weeks when biogas produc-
tion peaked, as well as carbon deposited as carbonates in drainage layers which are not
accounted for [31].

After 270 days of experimentation, C discharge in the biogas was 8.8 and 11.9 g C kg−1

DM in Br1 and Br2, respectively, indicating that LR increased the carbon discharge through
biogas. These values are within the range of 2.5–15 g C kg−1 DM reported for simi-
lar studies with EW treated by LR in developed countries but for longer experimental
periods [27,29,49]. Consequently, the total TOC balance allowed the quantification of C
released by the waste and its discharge into the gas and leachate, allowing the assessment
of landfill waste stabilisation under LR by comparing this result against the stability indi-
cators measured to the solid waste, leachate and biogas. These results highlight the need
to evaluate SSL performance not only in terms of waste stability characteristics (e.g., VS,
TOC, cellulose, BOD, COD) but also using mass balances to analyse the behaviour of waste
emissions under similar conditions to those found in landfills.

3.5. Waste Stability Characteristics

Table 5 summarises the waste stability indicators measured at the end of the tests in
bioreactors and stabilisation criteria suggested for landfills.

Table 5. Stability characteristics of EW at the end of bioreactor experiments.

Parameter Units Objective Value Reactor Performance

Br1 Br2

Solid waste
VS (% DM) ≤25 (a) Achieved Achieved

TOC (% DM) ≤3 (b),(1) Not achieved Not achieved
≤5 (b),(2) Not achieved Not achieved
≤18 (c),(3) Achieved Achieved

BMP
(ml CH4 g−1 DM) ≤2 (a) Not achieved Not achieved

≤10 (d),(e) Achieved Achieved
(ml biogas g−1

DM) ≤20 (c),(4) Achieved Achieved

Cellulose (% DM) ≤1.5 (f) Not achieved Not achieved
C/L (-) ≤0.2 (a),(g) Not achieved Not achieved

Leachate
COD (mg L−1) <200 (d) Not achieved Not achieved
BOD5 (mg L−1) <140 (h) Not achieved Achieved

<100 (i) Not achieved Achieved
BOD/COD (-) <0.1(d),(g) Not achieved Achieved

NH4
+ (mg L−1) <300 (d) Not achieved Achieved

(mg L−1) <70 (j) Not achieved Not achieved

Biogas
Emission rate (L CH4 m−2 h−1) <1.0 (a) Achieved Achieved

(a) [26]; (b) [71]; (c) [74]; (d) [61]; (e) [28]; (f) [27]; (g) [14]; (h) [75]; (i) [59]; (j) [9]; (1) Inert waste; (2) Non-hazardous
waste; (3) MBT waste; (4) Total biogas production in BMP test.

In Br2, 6 out of the 10 measured parameters met at least one of the stabilisation
criteria for landfills (VS, COT, BMP, BOD, BOD/COD, biogas emission rate), whereas
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for the system without recirculation (Br1), 4 of them were met (VS, COT, BMP, biogas
emission rate). Although the most stringent TOC criteria set by European regulations for
non-hazardous wastes (<5%) or inert wastes (<3%) were not met, TOC reduction achieved
in Br2 was comparable to that reported in other studies with LR, although in a shorter
period [27,50]. Due to the duration of the tests, cellulose and the C/L ratio did not meet the
stability criteria; however, previous studies have also shown that these indicators do not
always correlate well with the degree of stabilisation in landfills [52,76].

Moisture and temperature conditions enhanced biogas production in both bioreactors,
which registered CH4 generation rates indicative of waste stabilisation (<1.0 L CH4 m−2

h−1). However, the joint analysis of CH4 cumulative production and BMP showed that
CH4 generation in Br2 reached 84.7% of the CH4 maximum production potential for EW,
higher than that reached in Br1 (63%). This agrees with other studies in tropical developing
countries where greater reductions in the residual biogas potential of MSW have been
observed in shorter time periods, due not only to higher fractions of wet biodegradable
wastes but also to temperature conditions in sites closer to the mesophilic range, which in
turn favours waste biodegradation processes in landfills [45,77]. This shows that LR could
reduce both the CH4 remaining potential of EW and the time and costs required for its
stabilisation in landfills.

Regarding leachate quality, none of the bioreactors reached the proposed target values
for COD or NH4

+. However, in Br2, BOD5 and the BOD/COD ratio met the suggested
stability criteria. Conversely, the analysis of COD and nitrogen (as NTK) discharges
showed that LR can help reduce the contaminating potential of leachates, a key element for
improving the operation and post-closure management of landfills in DC.

Finally, the mass balance performed revealed that the mineralisation of carbon initially
present in EW and its gaseous discharge (Cgas) as CH4 was greater in Br2, corroborating the
positive effect that LR has on stabilisation and the reduction in GHG emissions in landfills,
whereby the biogas produced is captured and utilised. Furthermore, biogas utilisation can
generate economic benefits that improve the sustainability of landfills operation [78], a key
aspect for the establishment of integrated solid waste management systems in DC where
landfills are the most common technology used for the management of MSW [79].

These results demonstrate the importance of evaluating landfill stabilisation through
approaches that integrate the measurement of waste stability characteristics and the anal-
ysis of its main emissions, contributing towards the application of more comprehensive
methods to assess stabilisation strategies for landfills. Moreover, it demonstrates that estab-
lishing stabilisation criteria based on the physical, chemical and biological characteristics
of wastes and the evolutions of its emissions is a logical and necessary step to implement
contextualised methodological frameworks to evaluate stabilisation and post-closure man-
agement alternatives for landfills in DC, also rendering them essential for establishing
technical criteria to assess the future use of final disposal sites.

4. Conclusions

Leachate recirculation (LR) experiments with EW demonstrated several of the advan-
tages reported for humidification as a stabilisation strategy for landfills (SSL), not only in
terms of waste stability indicators (VS, TOC, BMP, BOD5 and BOD/COD), which met sev-
eral stabilisation criteria suggested for landfills but also in terms of the positive effect of LR
on biogas emissions and leachate quality. The best stability characteristics determined for
the bioreactor with LR were positively correlated with its highest moisture content, greater
biogas production and the earlier establishment of low CH4 generation rates, indicating
waste stabilisation.

Carbon mass balances indicated that LR allowed a greater degradation of the initial
C content in the solid waste, as well as larger C emissions in the form of CH4. LR also
had a positive impact on leachate quality, since, in addition to the rapid and significant
reduction in COD and BOD5, the final BOD/COD ratio met the suggested stabilisation
criteria. Additionally, recirculation favoured a greater release of oxidisable organic matter,
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thus reducing the waste contaminating potential in the long term. This is precisely one of
the main objectives of the application of SSL.

The stability characteristics determined for the solid waste fraction, leachate and
biogas at the end of the experiments corroborated the potential that humidification via LR
has to enhance the environmental performance of landfills. Moreover, the results indicate
that when humidification is complemented with the capture and utilisation of biogas and
adequate treatment of leachates, it can help improve the sustainability of the operation of
landfills in developing countries.

The joint analysis of waste stability characteristics and its emissions through carbon
mass balances highlights the importance of bioreactor-type tests to determine stabilisa-
tion criteria contextualised to the MSW characteristics and specific operating conditions
of landfills.

This has several implications. First, LR increases the potential of biogas production,
a combustible gas, that could be used for the heat supply of processes in landfill sites
or to produce energy, for example via an internal combustion engine, either for internal
or external use. This means a reduction in uncontrolled greenhouse gas emissions and
possibly, depending on the specific site energy matrix, the replacement of non-renewable
for renewable sources of energy. Second, LR increases local energy security supply by
reducing the dependence of foreign energy supply sources. Third, LR has a positive
environmental effect in terms of the increase in the final stability of the site, which means a
reduction in some of the potential damaging chemical substances and opens the possibility
to restauration site projects at a later stage.

Although there have been several studies on stabilisation strategies for landfills, these
have mainly been developed in developed countries, so this research contributes to the
establishment of technical parameters for its application in developing countries as well
as the establishment of criteria for the evaluation of their performance contextualised to
the characteristics of the waste and the operating conditions of final disposal sites in these
countries. Additionally, since is expected that the technical operating standards of landfills
in countries such as Colombia are improved, these needed contextualised criteria will
allow for the application of more comprehensive methodological approaches to evaluate
stabilisation in landfills, something that will help improve environmental performance and
post-closure management of final disposal sites in developing nations.
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