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Abstract  18 

In the current context of climate change and global energy demand, the use of energy 19 

from waste has become one strategy for the reduction of greenhouse gas (GHG) 20 

emissions and the replacement of fossil fuels by other non-conventional energy sources 21 

through the use of biogas produced in landfills. Although there have been some 22 

improvements in solid waste management practices in Colombia, current levels of 23 

recycling and materials recovery are still poor as only about 10% of the waste produced 24 

is recovered, so it is expected that, as for most developing countries, final disposal in 25 

landfills will continue to be the main form of municipal solid waste (MSW) 26 

management in the coming decades [1]. The Sustainable Development Goals (SDG), 27 

which mean to achieve a more sustainable and inclusive future [2], establish the Goal 7 28 
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as the affordable and clean energy access. This initiative have being adopted by 29 

Colombia and constitutes a strong income for the setting of an agenda of science and 30 

technology [3]. The optimization of waste degradation and stabilization processes have 31 

been identified as essential key aspects for the environmental performance and 32 

economic sustainability of waste management systems in developing countries [4]. 33 

However, assessing the feasibility of biogas production in landfills requires a reasonable 34 

level of accuracy for the generation of methane, a sufficient understanding of the 35 

underlying generation processes and their relation with the physicochemical 36 

characteristics of the waste and landfill disposal conditions. Source segregation of MSW 37 

is either poor or non-existing in Colombia, as in most developing countries, which 38 

makes difficult to predict landfill gas generation even with the aid of current landfill 39 

emissions models. Only few studies have been conducted to characterise biogas and 40 

methane production potential of mixed MSW landfilled in Latin-American countries, 41 

with few studies reported in Brazil [5] [6] and in Colombia [7]. In this study we show 42 

the results of biochemical methane potential (BMP) tests with 4 - 5 years old samples of 43 

municipal solid waste (MSW) excavated from a landfill site located in Colombia. 44 

Collected samples were characterised and the easy and medium biodegradable fractions 45 

used in the experiments. The results show an average total production of 34.8 -37.9 L 46 

CH4 kg-1 DM added which is comparable with similar studies using excavated 47 

landfilled waste of similar characteristics. These results suggest that considering the 48 

potential of methane production from landfilled waste in developing countries, it is an  49 

alternative that could be considered to enhance the environmental performance of 50 

landfill sites by reduction of the emissions of uncontrolled CH4 and promote the use of 51 

non-conventional energy sources. 52 

 53 
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1. Introduction  56 

Worldwide approximately 80% of the municipal solid waste (MSW) generated in urban 57 

areas end up in landfills and  only 20% is disposed in properly constructed and managed 58 

systems such as landfills [8]. In developing countries more than half of the waste is 59 

disposed of in open dumps [1] and although there have been advances, in several 60 

regions, such as in Latin America, the levels of coverage and quality are still very poor 61 

with serious implications for health and the environment [9]. Although it is possible that 62 

the generation of MSW in developing countries will change over time, it is very likely 63 

that the amount of waste sent to landfills will not decrease in the short or medium term 64 

and landfilling continue to be the main option for the final disposal of solid waste. 65 

Although some cities in low and middle income countries have achieved recycling rates 66 

comparable to those from developed countries, waste recovery programs are still to be 67 

developed [1] [10]. 68 

Globally, uncontrolled gas emissions coming from landfills are estimated to be between 69 

3 and 5% and they constitute the third source of anthropogenic methane emissions [11]. 70 

In Colombia, it is estimated that 5.03% of emissions are coming from landfills which 71 

represent 9048.25 Gg of CO2 equivalent [12], which reflects a considerable reduction 72 

potential for the sector [13]. Nevertheless, the country agreed to reduce the GHG 73 

emissions by 20% by the year 2030 [14].  74 

Uncontrolled methane emissions from landfills are considered as a lost opportunity to 75 

capture and use a significant energy resource. The Sustainable Development Goals 76 

(SDG), which mean to achieve a more sustainable and inclusive future [2], establish the 77 

Goal 7 as the affordable and clean energy access. This initiative have being adopted by 78 
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Colombia and constitutes a strong income for the setting of an agenda of science and 79 

technology [3]. The Colombian government has worked towards the development of an 80 

agenda and adopted actions to reduce in 20% by the year 2030 the emissions of green 81 

house gases, which links to the Law 1715 of 2014 that promotes 1) the integration to the 82 

national energy system of energy using renewable sources and 2) the increase in energy 83 

access of the off-grid zones establish a suitable atmosphere for development of projects 84 

in this area [15]. 85 

The MSW generated in developing countries have different composition and in 86 

consequence characteristics from that of developed countries, which has an impact on 87 

the degradation processes in landfills. For example, the organic fraction, composed 88 

mainly for food and food waste, represents a significant proportion of the solid waste 89 

generated in low-income countries, of around 64%, while in high-income countries this 90 

fraction barely reaches 28% [1]. Also, the lower content of paper and cardboard in 91 

MSW of developing countries has an impact on the generation of methane enriched 92 

biogas, a compound of environmental interest not only because its climate change 93 

potential but also for being a powerful GHG and at the same time a source of alternative 94 

energy. This could mean higher but less prolonged rates of biogas production due to the 95 

higher proportion of easily biodegradable waste and a lower content of materials with 96 

high lignocellulosic content [16]. The content of materials such as plastics, textiles and 97 

paper and cardboard, regarded as impermeable or partially impermeable two 98 

dimensional materials, affect the direction of the fluid paths and create regions of 99 

preferential flow paths that may impact on the hydraulic conductivity [17].  100 

Estimation of the biogas production potential is an important aspect when the viability 101 

of a biogas production project needs evaluation [4][10]. Experimentally, methods that 102 

favour anaerobic degradation conditions are commonly used. The BMP (Biochemical 103 
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Methane Potential) is one of the extensive use [18][19], where conditions that favour the 104 

methanogenic degradation are achieved using bacteria and nutrients and adjustment of 105 

key operation parameters such as pH, temperature or substrate-inoculum ratio (S/I).  106 

In studies using MSW, BMP assays have been used to evaluate the biodegradability of 107 

the organic fraction under conditions similar to those experienced in final disposal sites 108 

[20][21][22]. Most of those studies have been carried out using landfilled waste 109 

produced in developed countries [18][23] where either the substrate concentration or the 110 

optimal substrate/inoculum ratio (S/I), two of the most influential factors in BMP 111 

assays, have been reported [24].  112 

Although some laboratory studies have shown differences for wet and high bio-waste 113 

fractions residues [16][25][26], the information for fresh residues and excavated from 114 

landfills in developing countries is scarce. It is therefore necessary to investigate the 115 

potential to produce biogas using landfilled waste from developing countries and 116 

consider the differences in composition, environment and construction and operation 117 

conditions to determine reference values for the BMP that allow the estimation of the 118 

potential and give an idea of the degree of stabilization reached by the waste under the 119 

management conditions. 120 

In this study BMP tests were carried out to determine the potential of CH4 production  121 

to evaluate the anaerobic biodegradability of excavated MSW taken from a sanitary 122 

landfill in Valle del Cauca - Colombia. 123 

 124 

2. Materials and methods 125 

2.1. Waste source  126 
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The residue used for this work was excavated from a regional sanitary landfill located at 127 

the northern part of the Valle del Cauca region in Colombia which serves 25 small and 128 

medium-sized municipalities cities and receives approximately 760 tons of waste/day. A 129 

waste sample of 200 kg was collected with the help of a backhoe at a depth of between 130 

3 and 4 m from a cell known to have refuse 4 – 5 years old, closed in 2011 and covered 131 

with soil and vegetation. The area where the landfill is located has an average 132 

temperature of 23 °C and a bimodal precipitation regime with peak levels of rainfall 133 

occurring both during March-May and September-November, whereas during July-134 

August the annual precipitation can be below 1500 mm. 135 

2.2. Waste characterisation  136 

Composition analysis was carried out on site, in a wet state to represent closely the 137 

conditions of the waste in the landfill, following methodologies for unprocessed MSW 138 

based on a quartering method [27] [28]. Recognition of categories was made manually 139 

and included green waste, paper and cardboard, plastics, sanitary (diapers and sanitary 140 

towels) and textiles before the fractions were dried and following the methods reported 141 

by other authors [20][29][30]. A category commonly found in sanitary landfills was also 142 

included, consisting of the mixture of degraded organic matter and fine material with 143 

the appearance of soil, known as non-identifiable. Food waste was not considered as a 144 

category given the age of the residue of 4 to 5 years. Removal of large volume elements 145 

and metals was carried out on site immediately after taken the sample. All the samples 146 

were immediately transported to a local laboratory. Water content, at 105°C and until 147 

constant weight was reached, was carried out in the complete specimen, obtaining an 148 

average of 44.5%. Fractions were dried at 70°C overnight and checked that constant 149 

weight was achieved. Results are shown in Table 1 where information reported by the 150 

landfill operator and statistics for colombian cities are also presented. 151 
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Table 1 Composition of excavated MSW (age waste) and reconstituted specimen as 152 

used in this study.  153 

Waste cathegory %on wet 

base 

 

%on dry 

base 

 

Historic 

information of 

landfill site (wet 

base)a 

Average in 

colombian cities 

(wet base) b 

Food waste - - 26.7 – 40.6 

61.54c 

Green waste 13.1 8.2 6.1 – 14.5 

Paper and cardboard  

7.8 

 

6.1 1.9 – 16.3 6.55 

Plastics 14.2 16.0 10.8 – 19.2 10.78 

Sanitary 0.9 1.1 2.4 – 6.3 - 

Textiles 2.1 3.1 1.3 – 6.2 2.74 

Metals - - 0.2 – 6.9 1.04 

Wood - - 0.1 – 5.7 0.54 

Glass - - 0.8 – 5.0 2.39 

Ceramics - - 0.0 – 11.3 - 

Rubber and leather - - 0.0 – 1.8 - 

Others - - 0.0 – 14.0 4.42 

Soil like and Un-

identifiable 

61.8 65.5 
 

- 

Total 100.0 100.0 100.0 - 

a: Data reported during the period 2010 to 2016 by the landfill site of as received fresh 154 

MSW (before disposal)  155 

b: Source: [31] 156 
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c: Organic waste, mainly composed of food waste and gardening residues. 157 

2.3. Preparation of samples and reconstitution of specimen 158 

The waste processing for the BMP tests was similar to that suggested in other studies 159 

that evaluated the biodegradability and the potential for biogas production of MSW 160 

[32][33][34]. The process consisted of separating and drying the biodegradable fraction 161 

(green waste, paper and cardboard, sanitary and non-identifiable waste) and then 162 

reducing their size for the tests. Green waste, paper and cardboard, sanitary and non-163 

identifiable waste were dry (70°C), cut by hand and then shredded using a forage mill 164 

(TRF 300, Trapp, Jaraguá do Sul, Brazil). Thus, the biodegradable fractions were 165 

reduced to a particle size < 12.5 mm, size chosen considering that the diameter of the 166 

reactors used during the tests were 125mm, and that it is generally accepted that the side 167 

walls effect are limited whenever the relation between the maximum particle size of the 168 

specimen and the diameter of the cell is 1/10 [35] and to approximate the physical 169 

characteristics of landfill waste, which affect the movement of fluids and the 170 

distribution of solutes and biomass in landfills [36]. 171 

Once sorted and dried, the size of all the fractions was reduced to less than 12.5 mm. 172 

The size of the particles of paper and cardboard, plastics, sanitary and textiles fractions 173 

was manually reduced using a knife. The fractions were vacuum packed and maintained 174 

refrigerated to 4 °C for 7 days whilst they were delivered and received in the laboratory 175 

located in Southampton, United Kingdom. Once received they were kept at -18 °C until 176 

the start of the experiments. The fractions were used for the reconstitution of the age 177 

waste according to the original composition as presented in Table 1 and its water 178 

content of 44.5%.   179 

For the reconstituted waste sample named as Aged Waste, total solids and volatile solids 180 

(TS and VS) were measured using Standard Methods 2540 G [37]. For each fraction an 181 
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elemental composition using a FlashEA 1112 Elemental Analyser (Thermo Finnigan, 182 

Italy) following the manufacture`s standard procedures, with Atropine and 183 

Nicotinamide as standards for C, H and N was performed. Birch was used as a standard 184 

for sulphur determination with the addition of vanadium pentoxide catalyst and a 185 

desiccating column to remove the H peak. Results for the reconstituted aged waste were 186 

calculated using its composition as reported in Table 1. Results are presented in Table 2.  187 

Table 2 Elemental analysis in the waste studied 188 

  Element content 

   %N %C %H %S 

Fractions  

Green waste 1,88 26,58 3,29 0,31 

Paper and 

cardboard 1,18 19,44 2,55 0,19 

Plastics 0,65 14,85 2,29 0,35 

Textiles 0,78 44,04 6,09 0,02 

Non-identifiable  0,71 8,61 1,32 0,12 

 

Reconstituted 

Aged Waste 0,99 15,55 2,27 0,21 

 189 

2.4. Inoculum characterisation   190 

The inoculum used was from a mesophilic anaerobic digester treating municipal 191 

wastewater solids at Millbrook wastewater treatment plant, Southampton, UK and was 192 

maintained at 35°C in containers with sufficient free space to allow for degassing. 193 

Inoculum physicochemical characterization included pH, TS, and VS determinations 194 

according to APHA, 2005 [37]. The characteristics of the inoculum used are shown in 195 

Table 3.  196 

 197 

 198 

 199 
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Table 3 Characteristics of the inoculum used in this study. 200 

Property Value 

pH 7.4 

Total solids (TS) (%) 4.1 

Volatile solids (VS) (%) 2.8 

COD (g/L) 41 

 201 

2.5. Determination of the biochemical methane potential (BPM) 202 

Reconstituted samples following the as placed composition reported in Table 1 were 203 

used in the Biochemical Methane Potential (BMP) experiments. Samples of dried and 204 

shredded age MSW samples (250 g) were incubated at 35 ± 1°C using one litre batch 205 

reactors where they were mixed with inoculum, at a ratio inoculum-to-substrate of 0.81 206 

gVS inoculum/ gVS substrate, which are within the range recommended by authors 207 

such as Holliger, et.al (2016) [38] for the evaluation of easily degradable substrates as 208 

residue used in this study, with minor fractions of biodegradable materials and 209 

following a procedure similar to that reported by Zhang, W. et al (2012) [39]. Tests 210 

were run by triplicate during 30 days against blanks with no substrate added to 211 

determine the contribution of the inoculum on the CH4 production, time that was 212 

defined based on previous studies with excavated MSW [32] [40] and the achievement 213 

of the asymptotic phase in the cumulative production curves of CH4 [38]. Before the 214 

start of incubation, reactors were flushed with nitrogen to remove oxygen. Biogas was 215 

collected in 1.9-L cylinders filled with an acidified sodium chloride solution (pH < 2).  216 



11 
 

The bioreactors were coupled with agitators that were turned on every 3 days and 217 

operated during 5 minutes each time. The measured volume of biogas and CH4 218 

produced was corrected for the gas produced from the blank reactors containing only 219 

anaerobic biosolids. Samples of biogas were taken periodically and their composition 220 

measured by gas chromatography in a Varian star 3400 CX Chromatograph using a 221 

mixed gas standard of 65% CH4 and 35% CO2 (v/v) for calibration (BOC, UK). 222 

Cumulated volumes of biogas and CH4 produced were reported for a dry gas at standard 223 

conditions of temperature (0 °C) and pressure (1 atm).  224 

3. Results and Discussion  225 

3.1. Waste Characterisation   226 

Table 1 shows the results of the physical composition for the aged waste, as well as 227 

previous MSW composition of fresh wastes disposed of at the landfill and average 228 

compositional data for MSW generated in the main cities in Colombia. It can be seen 229 

that on dry base green waste, paper and cardboard and textiles (8.2%, 6.1% and 3.1% 230 

respectively) were identified despite the 4 to 5 years of degradation of the waste. It was 231 

also identified a high content of non-easily identifiable materials (65.5% on dry base), 232 

this is a well degraded material characterised by soil-like and putrescible fractions 233 

difficult to associate with a specific category of waste, which constitutes the greatest 234 

proportion and it is similar to that reported by other authors [41][42][43].  235 

Plastic (e.g., plastic bags, packaging material, bottles and containers) was the second 236 

largest category (16% on dry basis), represents a high proportion of MSW in developing 237 

countries and has low biodegradability [44] [45]. In Colombia, its value as a recyclable 238 

material is low due to contamination and its low weight/volume ratio, so plastics 239 

currently are disposed of in landfills [46]. Important amounts of sanitary waste (1.1% on 240 



12 
 

dry basis), mostly toilet paper, was found in the studied waste, similar to what has been 241 

reported for MSW produced in emerging economies such as China [16][47]. Zheng et 242 

al. (2013) found that toilet paper has similar biodegradability to that of most food waste 243 

fractions and higher than that of office paper or yard waste [34]. Therefore, it is possible 244 

that putrescible materials originating from food waste, and to a lesser extent, moderate 245 

biodegradable residues such as toilet paper and green waste, are responsible for the 246 

greater generation of CH4 in landfills in developing countries. Behaviour that differs 247 

from that of developed countries, in which more than 90% of the methanogenic 248 

potential comes from materials rich in cellulose and hemicellulose, such as paper and 249 

cardboard [48], possibly due to the fact that content of such materials in the MSW in 250 

developed countries is approximately 31%, whereas it is only 5% in developing 251 

countries [1].  252 

Table 2 shows the results obtained for the elemental analysis. It can be seen how the 253 

carbon content, limiting reactant for the production of CH4, varies from 44.04% in the 254 

textile fraction to 8.61% in the non-identifiable fraction. Textiles, green waste and paper 255 

and cardboard fractions, given their carbon content (44.04, 26.58 and 19.44 % 256 

respectively) contribute the most to the production of biogas in landfills, whilst plastics 257 

and non-indentifiable fractions  (14.85 and 8.61% respectively) can be considered as 258 

retardant in the production of biogás. VS analysis of the non-identifiable fraction shows 259 

a content of only 18.6% for volatile solids based on total solids, suggesting that such 260 

fraction does not contribute importantly to the biogas production in landfills. This figure 261 

is similar to that reported by Machado et al. (2009) [49] in the range of 16.0 – 23.2% for 262 

an aged waste being disposed of between 3.9 and 8.8 years collected from a landfill in 263 

Brazil. Carbon content estimation in the reconstituted aged waste is around 15 % 264 

(15.55%) based on the measured compositions reported in Table 1. Although several 265 
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authors agree that VS values provide an indication of the biodegradability of several 266 

organic substrates [19][50], their values do not necessarily reflect the biodegradability 267 

of MSW, especially for waste disposed of in landfills that is highly heterogeneous and 268 

combines materials with rapid and slow degradation rates [43]. 269 

3.2. Biochemical Methane Potential Tests 270 

Table 4 and Figure 1 summarize the main results obtained for these experiments, the 271 

samples of aged waste are identified as Ag 1, Ag 2 and Ag 3. Figure 1 presents the 272 

cumulative volume of CH4 produced in each of the experiments.  Biogas and methane 273 

production results were within the range reported in BMP tests using landfilled MSW 274 

with similar characteristics for waste disposed of in landfills in other low- and middle-275 

income countries [51][49][52]. Biogas production of 49.2 – 56.8 L kg-1 of dry matter 276 

(DM) and methane yields in the range of 34.8 -37.9 L CH4 kg-1 DM were obtained by 277 

the end of the tests. Methane content increased from 0 to 42.2%vol. over the first 15 278 

days, indicating a relatively early adaptation of the microbial population to 279 

methanogenic growth conditions.   280 

 281 

 Table 4 Resuts of biogas and methane production obtained in this study. 282 

Sample name Units Ag 1 Ag 2 Ag 3 

g DM added   250,4 252,3 255,4 

g VS added   50,2 50,6 51,2 

Biogas Acum. Liters 71,01 62,87 62,71 

CH4 acum. Litres 24,39 21,56 21,05 

CH4 producido L/kg_DM 37,88 34,84 35,99 

Biogas Prod. Acum. (GP)  L/kg_DM 56.82 49.95 49.21 
 283 

  284 
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Figure 1. Results of methane produced by the samples of 4 to 5 years old aged waste 287 

from a local sanitary landfill. 288 

 289 

The latency phase for the aged waste was of approximately 8 hours, this is the time to 290 

exceed the biogas production over that produced by the inoculum, which suggests a 291 

rapid start of CH4 generation probably associated with the composition of the waste, a 292 

substrate of rapid assimilation and the agitation carried out every 3 days to the 293 

bioreactors [29]. The activity of the inoculum and its characteristics generally influence 294 

the process and production of CH4, which in this case was accounted for in the 295 

calculations. The curves indicate that when the time for testing (30 days) was 296 

completed, the cumulative production of CH4 had slow down and moving towards being 297 

stable.  298 
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The methane potential of the waste disposed of in landfills depends on the MSW 299 

composition and on the environmental and operating conditions of the disposal sites. 300 

Other studies characterising the BMP of landfill MSW recommend that this potential 301 

should be managed to improve the environmental performance of landfills during their 302 

active operational phase and to enhance solid waste stabilization that help to reduce 303 

both CH4 emissions in the long-term and landfill post-closure management costs [53].  304 

It is likely that in landfills in tropical developing countries such as Colombia, the 305 

generation rates of CH4 in the final stages of degradation are lower than those in 306 

developed countries, mainly due to the higher contents of putrescible materials 307 

originating from food waste and materials with low lignocellulosic contents, as shown 308 

by Zheng et al. (2015) [16] for landfill waste in  China. Nevertheless, it must be take 309 

into account that biodegradability tests such as BMP experiments fail to represent other 310 

factors that affect the degradation processes in dynamic and highly heterogeneous 311 

systems such as landfills [18]. Therefore, in addition to assessing the biodegradability 312 

and the CH4 potential of waste with different ages and compositional characteristics, it 313 

is advisable to perform larger tests to evaluate aspects related to the specific 314 

environmental and operational conditions of the landfills in developing countries.   315 

4. Conclusions 316 

The composition of the aged waste excavated form the landfill consisted primarily of 317 

fine materials with the appearance of soil and highly degraded organic matter (65.5% 318 

dry base), plastics (16%), green waste (8.2%) and paper and cardboard (6.1%). Textiles 319 

(3.1%) as well as sanitary residues mainly in the form of toilet paper (1.1%) were also 320 

identified. 321 



16 
 

The short latency periods observed during the Biochemical Methane Potential (BMP) 322 

tests suggest a rapid establishment of methanogenic degradation conditions, which may 323 

be associated with the high proportion of easily assimilated organic materials and the 324 

affinity of the inoculum biomass for the substrates. The BMP values obtained are 325 

similar to those reported in other studies with aged waste excavated from landfills. 326 

These results demonstrate the potential for CH4 utilization from landfills in tropical 327 

developing countries such as Colombia. Depending on its management, the CH4 could 328 

be a significant source of GHG emissions or an alternative energy source that 329 

contributes to improving the environmental performance of final disposal sites in 330 

developing countries. These findings can give valuable insight into the real potential of 331 

biogas and CH4 generation from the un-segregated MSW produced and disposed of at 332 

landfills in developing countries; also can potentially contribute to a better assessment 333 

of the recovery potential, treatment and utilization schemes for landfill gas in 334 

developing countries like Colombia.  335 
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