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Abstract
This research was carried out with the aim to evaluate the anaerobic digestion (AD) of llama and dromedary dungs (both 
untreated and trampled) in batch mode at mesophilic temperature (35 °C). The biochemical methane potential (BMP) tests 
with an inoculum to substrate ratio of 2:1 (as volatile solids (VS)) were carried out. The methane yield from trampled llama 
dung (333.0 mL CH4 g−1 VSadded) was considerably higher than for raw llama, raw and trampled dromedary dungs (185.9, 
228.4, 222.9 mL CH4 g−1 VSadded, respectively). Therefore, trampled llama dung was found to be the best substrate for meth-
ane production due to its high content of volatile solids as well as its high nitrogen content (2.1%) and more appropriate C/N 
ratio (23.6) for AD. The experimental data was found to be in accordance with both first-order kinetic and transference func-
tion mathematical models, when evaluating the experimental methane production against time. By applying the first-order 
kinetic model, the hydrolysis rate constants, kh, were found to be 19% and 11% higher for trampled dungs in comparison with 
the raw dung of dromedary and llama, respectively. In addition, the maximum methane production rate (Rm) derived from 
the transference function model for trampled llama dung (22.0 mL CH4 g−1 VS d−1) was 83.3%, 24.4% and 22.9% higher 
than those obtained for raw llama manure and for raw and trampled dromedary dungs, respectively.
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1  Introduction

Currently, three-quarters of the global heating demand is met 
by coal, gas and oil, which implies a strong dependence on 
fossil fuels, and the rest, approximately 27%, comes from 
renewable energy sources (bioelectricity) [1]. Considering 
the scenario of the energy policies announced by the mem-
bers’ countries of the International Energy Agency, for the 
coming years, world energy demand will increase by 1% 
per year until 2040 [2]. In order to achieve the sustainability 

objectives, set in 2040 [3], it is expected that renewable 
sources (mainly photovoltaic solar energy) will supply 
more than half of this growth, and natural gas, driven by 
the increase in trade in liquefied natural gas (LNG), will 
represent another third [4].

Developed countries are committed to developing, manu-
facturing and increasing the use of green energies, which 
would enhance the population life’s quality by reducing the 
effects of climate change and aiming for a more sustainable 
economic development [5]. In the last 20 years, greenhouse 
gas (GHG) emissions generated by population growth and 
technological development design to new records; from 
1990, global emissions have increased by almost 50% [6]. 
The main source of GHG emissions is directly linked to 
fossil fuels being burned for the production of thermal, 
electrical and mechanic energy, representing two-thirds of 
total emissions, where transport and industry have the major 
impact [7].

In 2015 the United Nations designed the 17 Sustainable 
Development Goals (SDG) included in the 2030 Agenda 
with the aim to achieve a better sustainable world for all, 

 *	 M. J. Fernández‑Rodríguez 
	 mjferrod@upo.es

1	 Departamento de Sistemas Físicos, Químicos y Naturales, 
Universidad Pablo de Olavide, Ctra. de Utrera, km 1, 
41013 Sevilla, Spain

2	 Instituto de La Grasa (CSIC), Campus Universidad Pablo de 
Olavide, Edificio 46. Ctra. de Utrera, km. 1, 41013 Sevilla, 
Spain

3	 Departmento de Biología Vegetal y Ecología, Facultad de 
Biología, Universidad de Sevilla, 41080 Sevilla, Spain

http://orcid.org/0000-0002-3699-7223
http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-021-02255-6&domain=pdf


	 Biomass Conversion and Biorefinery

1 3

“Take urgent action to combat climate change and its 
impacts” was included as the SDG 13 [8]. Traditional fuels 
(oil, coal, firewood, etc.) are still used by the rural population 
in developing countries [2]. These non-renewable sources 
are not environmentally friendly and are causing serious 
damage to ecosystems; the energy demands give rise to an 
excessive firewood consumption and deforestation [9]. At 
present, to provide alternative renewable energy resources 
that can guarantee sustainable development and reduce the 
adverse effects of global warming, many countries are now 
promoting the generation and use of bioelectricity, which is 
environmentally benign, as a substitute for fossil fuels (e.g. 
European Union set the goal of supplying 34% of energy 
demands with renewable energy by 2030) [10]. Increased 
demand for electricity, reduced technology costs and innova-
tive policies have enabled developing countries to take the 
lead in clean energy [11]. The concept of circular economy 
together with the green economy and bioeconomy are the 
centre of current discussion of international politics, whose 
objectives are to propose solutions to reconcile economic, 
environmental and social objectives [12]. The development 
of new conversion technologies for the use of renewable 
energy sources, in developing countries, can reduce the eco-
nomic and environmental cost of the use of non-renewable 
energy; in some cases, it can provide employment and local 
economic growth [13].

The anaerobic digestion (AD) technology provides 
renewable energy (in the form of biogas; 75–80 vol. % meth-
ane) displacing the use of traditional fuels and contributing 
to a reduction in global warming [14]. Biogas production 
from animal wastes (mainly fresh manure) is a widely stud-
ied subject. Mainly cattle and pigs’ manure are a local and 
easy of obtained waste. The AD is a biological treatment 
capable of maximizing the valorization of these by-prod-
ucts [15, 16]. However, no attention has been paid to other 
ungulate herbivores common in arid-region (sheep, goat, 
camelid). Although herbivore manure has been used directly 
as organic matter for soils, it is not recommended, due to 
the presence of pathogens and faecal coliforms, which can 
cause infectious diseases [17]. In addition, the increasingly 
widespread use of inorganic fertilizers and the intensity 
of production systems is causing an important disconnect 
between agriculture and livestock. Thus, more viable alter-
natives are required for the management of livestock wastes. 
In this sense, AD, as an alternative for the use of animal 
wastes and obtaining renewable energy sources, is favoured 
by its low cost and its decentralized source for the supply of 
energy in homes or rural communities and also contributes 
to reducing GHG emissions [18].

The objective of this study was to investigate the biogas 
production efficiency in batch using the most common arid-
region camelids (i.e. llama and dromedary) dungs (raw and 
trampled) in biochemical methane potential tests (BMP) 

under mesophilic conditions. To the best of our knowledge 
reaches, there is no previous literature that compares raw 
and trampled llama and dromedary dung. This study also 
evaluates the suitability of two mathematical models (i.e. 
first-order and transference function model) to determine 
the biomethane production potential, the maximum methane 
production rate and the lag time of the different anaerobic 
processes evaluated using the experimental results of meth-
ane production time.

2 � Material and methods

2.1 � Biochemical methane potential assays

The experiments were carried out in batch mode in 250 mL 
total volume and 210 ± 2 mL working volume reactors. The 
reactors were kept in thermostatic baths (35 ± 2 °C) under 
constant stirring at 440 rpm. The inoculum initial volatile 
solids concentration was 20 g L−1. In the reactors, an inocu-
lum to substrate ratio of 2:1 (as volatile solids) was kept. 
The anaerobic inoculum used was a mesophilic granular 
sludge from a full-scale UASB reactor treating wastewater 
from a brewery industry. The reactors were prepared by the 
addition of the inoculum and the substrate together with a 
micronutrient solution [19, 20]. The main characteristics of 
the inoculum were pH: 7.5 ± 0.2, total solids (TS): 24.4 ± 1.3 
and volatile solids (VS): 20.3 ± 1.0. In order to maintain 
anaerobic conditions, nitrogen gas was added to the reac-
tors for 2 min at the beginning of the experiments (40 mL 
of headspace volume). Then, the reactors were sealed and 
placed into the thermostatic baths. Then, reactors in three 
replicates per substrate tested were carried out. A triplicate 
was also placed with only inoculum, without substrate, in 
order to subtract the inoculum’s endogenous methane pro-
duction. The produced biogas was passed through a 2 N 
NaOH solution to retain the CO2. The displacement vol-
ume was assumed to be methane. The methane production 
was expressed under standard conditions of pressure and 
temperature (0 °C, 1 atm) [19]. The main characteristics of 
the different substrates used in the experiments are shown 
in Table 1. As can be seen, the substrates used were llama 
(Lama glama) and dromedary (Camelus dromedarius) raw 
dungs collected from the experimental farm “Aires Africa-
nos” located in Matalascañas, Huelva (south Spain). Tram-
pled llama and dromedary dung were the excrements that 
the animals deposit on their spent beds, undergoing a natural 
pre-treatment due to the constant treading of these ungulates.

2.2 � Analytical methods

Prior to AD process, the following parameters were analyzed 
in both the inoculum and substrates: total chemical oxygen 



Biomass Conversion and Biorefinery	

1 3

demand (TCOD), total and volatile solids (TS and VS, respec-
tively) and the elemental C and N concentration, as well as the 
total ammonia nitrogen (TAN). After 31 days of the operation 
period, the following parameters were determined in the result-
ing digestates or process effluents: total and soluble chemical 
oxygen demand (COD), TS and VS, pH, alkalinity, TAN and 
volatile fatty acids (VFA). The methods used for the different 
analyses carried out were previously described by Fernández-
Rodríguez et al. [21].

2.3 � Kinetic modelling

Two kinetic models, i.e. first-order kinetic model (Eq. 1) and 
the transference function model (Eq. 2), were assessed to fit 
the experimental data of methane production during BMP test. 
Both methods were found to be suitable for these experiments.

The first-order kinetic model reflects the cumulative effect 
of all the reactions that occur during the real anaerobic diges-
tion process that took place inside the reactors during the 
batch experiment [22, 23]. According to Egwu et al. [24], the 
first-order kinetic model (Eq. 1) assumes that hydrolysis is the 
rate-limiting step during AD process of complex feedstocks, 
and can be used to determine some useful kinetic parameters, 
especially the first-order hydrolysis kinetic constant, kh [24]:

where G is the cumulative specific methane production 
(mL CH4 g−1 VSadded), Gm is the ultimate methane production 
(mL CH4 g−1 VSadded), and kh is the hydrolysis kinetic constant 
(days−1), t is the digestion time (days).

The transference function (TF) model (Eq. 2) was success-
fully applied by several authors for biomethanization of differ-
ent organic wastes [21, 23, 25]. The model assumes that meth-
ane production is only bacterial growth rate dependent [22]:

where B is the cumulative specific methane production (mL 
CH4 g−1 VSadded), Bmax is the ultimate methane produc-
tion (mL CH4 g−1 VSadded), Rmax is the maximum methane 

(1)G = Gm ⋅ [1 − exp(−kh ⋅ t)]

(2)B = Bmax ∗ (1 − exp[−(Rmax(t − ℷ))∕Bmax])

production rate (mL CH4 g−1 VSadded d−1) and ℷ is the lag 
time (days).

The statistical parameters such as the determination coef-
ficients (R2) and the standard errors of estimates (S.E.E.) 
were calculated to confirm the goodness-of-fit and the exact-
itude of the results for both models.

2.4 � Energy output

The methane yields experimental data obtained in the BMP 
tests was used to determine the energy output by using Eq. 3 
[26]:

where E0 is the Energy output in (kJ g−1 VS removed), PCH4 
is the cumulative methane production after digestion time 
(m3), Ɛ is the lower heating value of methane (35,800 kJ 
(m3)−1 CH4), λm is the energy conversion factor of methane 
(0.9) and VSremoved are the grams of VS removed at the end 
of the BMP test (g L−1).

2.5 � Statistical analysis

A triplicate of each experiment and analysis was carried out. 
The results were expressed as means ± standard deviations. 
The software SPSS Statistic IBM25.0 for Windows (Inc., 
Chicago, IL, USA) was used for all the statistical analyses 
performed. The bio-kinetic parameters for each experiment 
and mathematical adjustment were determined numerically 
from the experimental data obtained by non-linear regres-
sion using the software Sigma-Plot (version 11).

3 � Results and discussion

3.1 � Physicochemical characteristics of the feedstock

The characterization analyses of the different substrates 
used in the experiments are shown in Table 1. The amounts 

(3)E
0
= (P

CH4
∗ ε ∗ �

m
)∕VS

removed

Table 1   Main Characteristics of 
the substrates: llama dung (raw 
and trampled) and dromedary 
dung (raw and trampled). TS 
total solids, VS volatile solids, 
COD total chemical oxygen 
demand

Raw llama dung Trampled llama dung Raw dromedary dung Trampled 
dromedary 
dung

TS (g kg−1) 920.5 ± 1.5 1039 ± 5.2 918.6 ± 5.6 922.0 ± 2.0
VS (g kg−1) 665.3 ± 3.0 779.5 ± 9.2 747.5 ± 3.1 738.8 ± 22.7
VS/TS (%) 72.3 ± 2.2 75.0 ± 7.2 81.4 ± 4.3 80.1 ± 12.4
COD (g O2 kg−1) 836.5.0 ± 3.3 998.3 ± 2.4 914.1 ± 11.8 920.4 ± 9.4
C (%) 37.1 ± 1.6 46.5 ± 1.0 38.1 ± 0.2 43.1 ± 2.2
N (%) 1.4 ± 0.2 2.0 ± 0.0 1.7 ± 0.0 1.8 ± 0.0
C/N 26.8 ± 5.5 23.6 ± 0.9 22.2 ± 0.6 23.7 ± 0.7
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of TS concentration of the substrates used in the pre-
sent experiments were similar (922.0 ± 2.0, 918.6 ± 5.6, 
920.5 ± 1.5 g kg−1) for dromedary dung, trampled and raw 
llama, respectively. However, the TS content of the trampled 
llama dung was significantly higher (1039.0 ± 5.2 g kg−1). 
Although the VS content was also similar in all substrates, it 
should be noted that the lowest VS content was found in raw 
llama dung (665.3 ± 3 g kg−1), while the highest VS content 
was found for the trampled llama dung (779.5 ± 9.2 g kg−1). 
The VS/TS (%) was significantly higher for the drome-
dary dung than for the llama dung substrate (81.4 ± 4.3% 
and 80.1 ± 12.4% for dromedary dung, raw and trampled, 
respectively and values of 72.3 ± 2.2% and 75.0 ± 7.2% for 
llama dung, raw and trampled, respectively). These values 
indicated the high carbon and the low mineral content of 
the substrates, being balanced substrates for the AD process 
[27]. The substrates nitrogen content was also considered 
optimal for the AD process since the C/N ratio of all the sub-
strates studied was within the range of 20–30, although other 
authors established a more restrictive ratio, placing the most 
optimal C/N ratio for the AD process between 25 and 30 
[20–28]. The C/N content of the dungs used in these experi-
ments were 26.8 ± 5.5 and 23.6 ± 0.9 for the llama dung (raw 
and trampled, respectively) and 22.2 ± 0.6 and 23.7 ± 0.7 for 
the dromedary dung substrates (raw and trampled, respec-
tively). Nitrogen, within the optimal range, is also necessary 
for the growth of the microbial community that take parts in 
the different stages of the AD process [29].

3.2 � Digestate characterization

The pH of the different digestates at the end of the BMP 
tests (Table 2) was 7.08 ± 0.04 for raw dromedary dung 
and 7.57 ± 0.05 for trampled llama dung. Intermediate 
values were found after AD of trampled dromedary dung 
(7.33 ± 0.08) and llama dung (7.20 ± 0.03). The pH found 
at the end of the batch experiments were within the opti-
mal pH range for the methanogenic step [29]. Alkalinity 
is another very important parameter for the AD process 

and for the most pH-sensitive microorganism involved dur-
ing the AD process, i.e. methanogenic archaea [29]. After 
the experiments, it was found that the digestates contin-
ued to have a good buffering capacity, since values above 
3,755.0 ± 0.2 mg CaCO3 L−1 were obtained for raw llama 
dung, and values above 4,982 ± 290 mg CaCO3 L−1 were 
achieved for the digestate of trampled llama dung (Table 2). 
It has been reported that the optimal alkalinity value ranges 
from 2,500 to 5,000 mg CaCO3 L−1; these values are able to 
buffer changes in pH within the anaerobic reactor [30]. The 
high, although not inhibitory (Table 2), values of ammonium 
found in the reactors at the end of the anaerobic processes 
could explain the great buffering capacity of the diges-
tate after the experiments. Ammonium values higher than 
1,160 mg L−1 were found in all reactors (Table 2). Another 
parameter that indicated the good evolution and adequate 
performance of the anaerobic processes of the studied sub-
strates was that only acetic acid was found as volatile fatty 
acid after the experiments (Table 2). No accumulation of 
volatile fatty acids with longer chains was found.

3.3 � Methane yield coefficients

The highest methane yield was obtained for trampled llama 
dung (333.0 mL CH4 g−1 VS); values 45.7% and 49.3% are 
higher than those achieved for raw and trampled dromedary 
dungs, respectively (Fig. 1). These results are in accordance 
with the higher content of volatile solids, nitrogen and phos-
phorous found in llama manure when compared with drom-
edary manures (raw and trampled) [31]. Also, the highest 
biodegradability was found when the trampled llama dung 
was used as substrate. A value of 76.4 ± 0.1% VS removal 
was found in the digestate.

Dromedary dungs achieve methane yields during the 
BMP tests of 222.9–228.4 mL CH4 g−1 VS, which is sig-
nificantly lower than that obtained from trampled llama dung 
(Fig. 1). This could be explained due to the lower nitrogen 
content (1.7%) of dromedary dungs compared with tram-
pled llama dung (2.1%) indicating a lower content of easily 

Table 2   Main characteristics of 
the digestates: llama dung (raw 
and trampled) and dromedary 
dung (raw and trampled). TS 
total solids, VS volatile solids, 
TA total alkalinity, TAN total 
ammonia nitrogen, sCOD 
soluble chemical oxygen 
demand

*The biodegradability values were calculated from the percentages of volatile solid removal in the reactor

Raw llama dung Trampled llama dung Raw dromedary dung Trampled 
dromedary 
dung

TS (g L−1) 24.3 ± 4.7 23.4 ± 3.8 27.14 ± 3.7 26.18 ± 1.8
VS (g L−1) 23.3 ± 2.7 20.8 ± 0.7 22.1 ± 1.4 20.5 ± 0.6
TA (mg CaCO3 L−1) 3,755 ± 24 4,982 ± 290 3,952 ± 556 3,971 ± 151
pH 7.20 ± 0.03 7.57 ± 0.05 7.08 ± 0.04 7.33 ± 0.08
TAN (mg L−1) 1,193 ± 106 1,398 ± 20 1,111 ± 55 1,160 ± 29
sCOD (g O2 kg−1) 4,156 ± 195 4,916 ± 115 4,410 ± 325 4,683 ± 136
*Biodegradability (%) 69.1 ± 0.2 76.4 ± 0.1 62.3 ± 0.2 67.8 ± 0.2
Acetic acid (mg L−1) 52.7 ± 5.8 125.4 ± 31.5 81.2 ± 12.9 210.7 ± 21.9
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biodegradable material, such as proteins and lipids, likely 
due to the differences in the diet of both animals [31, 32]. A 
minimum nitrogen content of 0.6% (w.w.) is recommended 
for a sustainable AD process; however, since this is needed 
to build the cell structure of the methanogenic microbiota, 
nitrogen content is directly related to methane production, 
which means that, providing an adequate C/N ratio, the 
higher the nitrogen content, the higher the methane produc-
tion [32]. Moreover, the lower methane yield coefficients 
observed in the dromedary dungs compared to the trampled 
llama manure could also be attributed to the lower number 
of extractive compounds (cumulative sum of compounds 
extracted by water and ethanol) contained in the dromedary 
dungs (12% TS) compared to that observed in the trampled 
llama manure (15–25% TS) [33].

Additionally, llama’s first and second stomach compart-
ments are able to maintain higher NH4+ concentrations 
compared with dromedary [34]. Therefore, the llama dungs 
are excreted with more nitrogen which would be used for 
microbial growth thereby increasing its methane productiv-
ity. Moreover, the C/N ratio of trampled llama dung of 23.6 
is optimal for a stable anaerobic process [35].

Methane yield values of 377  mL CH4 g−1 VS were 
recently reported by Meneses-Quelal et al. [36] in BMP 
tests of llama dungs at inoculum to substrate ratio of 2:1, 
which is identical to that used in the present research. In line 
with the results reported in the present study, this methane 
yield for llama dung was also higher than those reported by 
these authors for other manures such as Guinea pig manure 
(150 mL CH4 g−1 VS) and vicuña manure (250 mL CH4 g−1 
VS) [36].

BMPs of dromedary dung in the range of 100–130 mL 
CH4 g−1 VS were reported by Bastidas-Oyanedel et  al. 
[37], methane yield values considerably lower than those 
achieved in the present study (222.9–228.4 mL CH4 g−1 VS). 

Nevertheless, Bastidas-Oyanedel et al. [37] also reported 
that a thermal pre-treatment carried out at 120 °C for 30 min 
resulted in a 33% increase of the methane yield. Shanableh 
et al. [38] also reported recently methane yield values for 
dromedary manure in the range of 129–160 mL CH4 g−1 VS. 
These results demonstrated that the GHG emission could be 
reduced by a manure management system using AD; miti-
gating the emissions from 0.61–0.91 kg kWh−1 of CO2 eq 
of conventional fossil fuel combustion to 0.52 kg kWh−1 of 
CO2 eq [38].

Average maximum methane potential of 112 mL CH4 g−1 
VS for dromedary dung was reported by Sowunmi et al. [33], 
which was generally lower than that obtained in the present 
work and others reported in the literature. This could be 
related to the Abu Dhabi’s weather conditions with tempera-
tures going as high as 42 °C during summer months and as 
51 °C in other emirates. Under these extreme conditions, 
dromedaries may have adapted to conserve the available 
nutrients more efficiently, therefore, producing lower nutri-
ents dungs, resulting in low methane yield [33]. Dromedary 
manure composition includes proteins, cellulose, hemicel-
lulose, crude fat, nitrogen and phosphorous, which therefore 
signifies that the high temperatures caused dromedary to 
be more efficient in nutrient utilization, thereby reducing 
methane potential of the manure produced.

3.4 � Estimation of the model parameters by kinetic 
modelling

3.4.1 � First‑order kinetic model

Table 3 summarizes the kinetic parameters obtained from 
Eq. 1 for the digestion of the dromedary and llama dungs 
(both raw and trampled). As can be seen, the low values 
of the standard deviations and the high determination 

Fig. 1   Biochemical methane 
potential (mL CH4 g−1 VSadded) 
of llama dungs (trampled and 
raw) and dromedary dungs 
(trampled and raw)



	 Biomass Conversion and Biorefinery

1 3

coefficient values prove the appropriate fit of the experi-
mental results to the proposed model.

The hydrolysis rate constants obtained from the 
experimental data in the present study of llama dungs 
(0.046–0.051  day−1) were somewhat lower than those 
recently reported by Meneses-Quelal et  al. [36] who 
achieved values of 0.080 and 0.098 in batch AD experiments 
of llama manure carried out at substrate to inoculum ratios 
of 1:1 and 1:2, respectively. In the present research, the sub-
strate to inoculum ratio was 1:2 in all cases, as was also used 
by Meneses-Quelal et al. [36].

As it is shown in Table 3, the hydrolysis rate constant, 
kh, for the trampled dungs were somewhat higher than those 
obtained for raw dungs, being 19% and 11% higher in the 
cases of dromedary and llama dungs, respectively. However, 
these increases were not statistically significant (p < 0.05).

In the same way, in the case of the llama dungs, the ulti-
mate methane yield, Gm, for trampled dung was 67% higher 
than for raw dung. However, in the case of dromedary dungs, 
there were no significant differences between the Gm values 
for trampled and raw dungs. This fact can be associated with 
the constituents of the VS part in the trampled llama dung 
and particularly with the higher nitrogen content (2%) and 
others materials more easily biodegradable to digest [31].

3.4.2 � Transference function model

Table 4 shows the transference function model parameters 
obtained for the four substrates tested in this study (raw and 

trampled dromedary dungs and raw and trampled llama 
dungs). The parameters Bm, Rm, and ʎ were calculated for 
each one of the runs studied using the nonlinear regression 
approach with the software SigmaPlot 11.0. The low values 
of the standard deviations and the high determination coef-
ficient values demonstrate the appropriate fit of the experi-
mental data of methane production time to the suggested 
model. The high accuracy of prediction of the methane pro-
duction by the proposed model shows that future measure-
ment will fall within the predicted outcome for the camelid’s 
biomass [39].

The obtained lag times (ʎ) were found to be almost zero 
across the board, indicating a fast consumption of the easy 
and most available biodegradable components of the two 
dungs assayed in all the AD processes studied [23].

As it is shown in Table 4, the maximum methane pro-
duction rate (Rm) for trampled llama dung (22.0 mL CH4 
g−1 VS d−1) was 83.3%, 24.4% and 22.9% higher than that 
obtained for raw llama manure (12.0 mL CH4 g−1 VS d−1), 
and for raw and trampled dromedary dungs, respectively, 
which were practically identical (17.4 and 17.9 mL CH4 g−1 
VS d−1, respectively). The highest value for Rm achieved for 
trampled llama dung could be again attributed to the quality, 
and in particular to the higher nitrogen content (2%), and 
the higher VS content present in this manure (780 g kg−1) 
compared to that contained in the raw llama (665 g kg−1) and 
raw and trampled dromedary dungs (727 and 718 g kg−1, 
respectively) [32].

3.5 � Energy output

Although the AD is an environment-friendly process since 
it stabilizes the organic matter and reduces the polluting 
power of the substrates, it is very important that a high 
methane yield and an energy output are obtained during the 
process. The energy output has been estimated from experi-
mental BMP data obtained in these experiments by using 
Eq. 3. The energy output or viability of the process is a 
key factor in scaling up the anaerobic digestion process. It 
should be taken into account that during the experiment, the 
inoculum had not been acclimatized to the new substrates, 
and therefore, the methane yield is, in general, underesti-
mated. Energy output ranged from 14.1 kJ g−1 VSremoved to 

Table 3   Kinetic parameters obtained from the first-order kinetic 
model in the batch anaerobic digestion experiments of llama dungs 
(raw and trampled) and dromedary dungs (raw and trampled)

*R2, coefficient of determination; **S.E.E., standard error of estimate

Substrate Gm (mL 
CH4 g−1 
VS)

kh (days−1) *R2 **S.E.E

Raw llama dung 256 ± 20 0.046 ± 0.006 0.9858 10.18
Trampled llama dung 428 ± 18 0.051 ± 0.003 0.9943 10.96
Raw dromedary dung 287 ± 13 0.057 ± 0.005 0.9908 10.09
Trampled dromedary 

dung
263 ± 10 0.068 ± 0.005 0.9890 10.13

Table 4   Parameters of the 
transference function model for 
the four substrates studied (raw 
and trampled llama dungs and 
raw and trampled dromedary 
dungs)

*R2, coefficient of determination; **S.E.E., standard error of estimate

Substrate Bm (mL CH4 
g−1 VS)

Rm (mL CH4 g−1 
VS d−1)

ʎ (d) *R2 **S.E.E

Raw llama dung 254 ± 24 12.0 ± 1.0 0.07 0.9858 10.38
Trampled llama dung 426 ± 22 22.0 ± 1.1 1.88*10−9 0.9941 11.32
Raw dromedary dung 278 ± 14 17.4 ± 1.1 0.38 0.9912 10.08
Trampled dromedary dung 263 ± 10 17.9 ± 0.8 5.9*10−11 0.9890 10.33
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8.7 kJ g−1 VSremoved for trampled llama and raw llama dungs, 
respectively. For dromedary wastes, the energy output was 
10.1 kJ g−1 VSremoved and 11.8 kJ g−1 VSremoved for tram-
pled and raw dromedary dungs, respectively. Energy output 
values from 9.43 to 25.5 kJ g−1 VSremoved were reported by 
Pasalari et al. [26] in the AD of landfill leachate after elec-
trochemical oxidation pre-treatments. The values obtained 
in the present experiments were near the values previously 
reported. Passos et al. [40] reported an energy recovery of 
4.1 kJ g−1 feedstock in the conventional AD of dairy manure. 
This low energy recovery is attributed to the low biodeg-
radability of the lignocellulosic organic fraction in dairy 
manure. Therefore, these results indicated that the AD of 
llama and dromedary dungs (trampled and raw) is a feasible 
and suitable alternative for energy production.

4 � Conclusions

Methane yield values in the range of 185.9–333.0 mL CH4 
g−1 VS were found in BMP experiments of llama and drom-
edary dungs (both raw and trampled) carried out at meso-
philic temperature (35 °C). The highest value was obtained 
for trampled llama dung (333.0 mL CH4 g−1 VS), which is 
attributed to its high VS and N contents, as well as to the 
appropriate C/N ratio (23.6) for anaerobic digestion (AD) 
of this dung when compared to the others. Data from AD 
experiments of these manures were well described by the 
first-order and transfer function models. The hydrolysis rate 
constants, kh, (first-order kinetic model), for the trampled 
dungs were 19% and 11% higher than those obtained for raw 
dungs, in the cases of dromedary and llama manures, respec-
tively. In addition, the maximum methane production rate 
(Rm) (transference function model) for trampled llama dung 
was 83.3%, 24.4% and 22.9% higher than those obtained 
for raw llama manure and for raw and trampled dromedary 
dungs, respectively. It can be concluded that the AD of llama 
and dromedary dungs (trampled and raw) is a promising and 
beneficial option for energy production.
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