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A B S T R A C T   

Dry anaerobic digestion (dry-AD) is an attractive process for solid wastes such as agri-food waste. However, some 
limitations mainly associated to lack of effective mixing, can hinder the methane production capacity of the 
systems. Bulking agent (BA) has been proposed as a solution to the compaction issues in systems without me
chanical agitation, such as leaching bed reactors. However, effects of BA are still not clear, and, thus, the factors 
to consider for its dose has not been optimized yet. This work studies the effect of BA in dry-AD. Two substrates 
with different characteristics were proposed as models, bean peel as a lignocellulosic substrate and a mixture of 
food waste as a readily biodegradable substrate. Inert plastic rings were used as BA at different BA:S ratios. 
Assessed BA:S ratio did not affect the performance of methane production for the lignocellulosic waste, but it did 
significantly affect to the easily biodegradable substrate, showing up to a 28% of methane production increase. 
This result could be due to the presence of lignocellulosic compounds in the bean peel, behaving like a natural 
BA. In assays with an increased bed height, the compaction of the system was more severe, resulting in the rapid 
acidification of the processes. At these conditions, the positive effect of BA addition was more marked, allowing 
methane production and no acidification of the system. Thus, the addition of BA is a suitable strategy for 
improving methane production or stability in dry-AD systems without requiring the stirring of the systems.   

1. Introduction 

Anaerobic digestion is a well-stablished biotechnology which allows 
the conversion of organic substrates into biogas by the combined action 
of a microbial consortium [1,2]. This technology is being implemented 
in many countries as a feasible and sustainable management alternative 
to landfill disposal or incineration of organic waste as well as to over
come natural gas dependence [3,4]. In fact, according to calculations 
from European Biogas Association, and in accordance with the as
sumptions of the European Commission from 2019, biogas should 
replace up to 10% of the EU27 gas demand by 2030 and up to 30–40% 

by 2050 (EBA) [4,5]. For achieving that, the residual biomass generated 
by the agri-food sector poses a crucial importance, currently being the 
substrate used for generating around 63% of the total biogas in Europe 
[6]. 

Among the different anaerobic digestion technologies, dry anaerobic 
digestion (dry-AD), so-called solid-state anaerobic digestion, is an 
interesting operational mode for substrates with high solid content, i.e., 
15–40% of total solid content [2,7]. The possibility of operating the 
anaerobic digesters at this total solid range makes it attractive for bio
methanization; particularly attractive for the treatment of the organic 
fraction of municipal solid waste or agri-food waste [8,9]. Besides that, 
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dry-AD also presents some other advantages with respect to wet 
anaerobic digestion (total solid content below 10%), such as smaller 
reactor volumes, lower energy requirements for heating and/or mixing, 
as well as a lower moisture content in the final digestate that facilitates 
its handling [2,10]. Moreover, other reported advantages for dry-AD 
include a reduced need of water addition and a higher organic loading 
rate (OLR) potential than conventional wet anaerobic digestion [9,11]. 

Despite the many advantages, dry-AD still has some limitations that 
have hindered its widespread. Some of the main drawbacks are the 
lower biogas productivity and the longer time required for substrate 
degradation, in comparison to the wet anaerobic digestion [12,13]. 
Likewise, the operation at high total solid content would entail a po
tential accumulation of compounds at concentrations above the inhibi
tory thresholds, e.g., ammonia or volatile fatty acids (VFA), affecting the 
methane production [2,9,14]. In this line, the high total solid content 
hinders the mixing and homogenizing in dry-AD system and, thus, 
makes difficult the mass transfer of substrates and/or intermediate 
metabolites in the digesters [2]. Previous research reported that the 
mass diffusion coefficients in dry-AD are up to two orders of magnitude 
below the normal range in wet anaerobic digestion [15,16]. This dif
ference can be explained due to the lack of effective mixing systems in 
dry-AD, preventing the mass transfer by convection and, thus, limiting it 
to diffusion processes [16]. 

In the specific case of food waste, mass transfer problems can be 
more challenging due to their nature. Firstly, food waste contains a high 
amount of readily biodegradable organic matter that can rapidly solu
bilised and transformed into VFA. The rapid accumulation of VFA may 
cause a pH drop and, thus, the inhibition of the methanogenic activity 
[17]. Moreover, food waste has a low macro-porosity due to a lack of 
structure that can derived in the compaction of the organic matter inside 
the digesters [18]. That compaction would entail a reduction in the 
homogenization capacity of the digesters and even affect the microbial 
growth [9,19]. As a possible solution for these drawbacks, the applica
tion of a bulking agent (BA) mixed with the substrate could diminish the 
compaction and, thus, favour the mass transfer in the digesters [9]. BA 
application also has the advantage of reducing the energy required since 
mechanical agitation in the digester would not be required. Although 
the use of BA is a standard strategy in composting for enhancing the 
oxygen diffusion, mass transfer and microbiota development in the 
compost piles [20,21]. The use of BA in dry-AD has been slightly re
ported, according to a recent review by Rocamora et al. [9]. Indeed, the 
BA has not been proved directly in anaerobic digestion reactors (ADR), 
but it has been evaluated in leaching bed reactor (LBR) coupled with 
ADR. For example, Demirer and Chen [22] reported the use of wood 
powder and wood chips as BA in a LBR coupled with ADR for dairy 
manure. These authors stated that the higher size of the wood chips with 
respect to wood powder resulted in a much more efficient leachability. 
Xu, Lam, Karthikeyan and Wong [23] evaluated the efficacies of five 
different BA, i.e. plastic full particles, plastic hollow sphere, bottom ash, 
wood chip and sawdust, for enhancing a LBR coupled with ADR of food 
waste. These authors did not report significant differences in the 
measured physicochemical parameters, such as pH, cumulative VFA or 
chemical oxygen demand (COD), in relation to the selected BA, but it is 
important to note that the LBR process was not used to produce biogas, 
so acidification of the process was desired. Both Demirer and Chen [22] 
and Xu, Lam, Karthikeyan and Wong [23] highlighted the importance of 
optimizing the BA to substrate ratio (BA:S ratio) to avoid additional costs 
and the necessity of higher reactor volumes. Despite the reported in
formation, there is still a lack of knowledge on how to optimize the 
relation between the BA and the substrate according to the character
istics of the biomass to be digested. Moreover, the addition of BA to a 
dry-AD reactor, instead of a LBR coupled with ADR, has not been still 
reported to our best knowledge; also, the cause-effect relationship be
tween substrate and BA on acidogenic and methanogenic stages is 
unknown. 

The goal of this research was to understand the effect of the relation 

between the BA to substrate ratio (BA:S) in dry-AD. For that, two agri- 
food substrates were used as models, bean peel as a lignocellulosic 
substrate and a food waste mixture as a readily biodegradable and 
acidifiable substrate, whereas plastic rings were used as BA. The pro
cesses were evaluated in terms of methane production, organic matter 
composition and stability. 

2. Materials and methods 

2.1. Substrates and inoculum 

The bean peel (Phaseolus vulgaris) was obtained from the Vega Cen
tral Market in Santiago (Chile). The bean peel was obtained after 
manually separating the grain from the pods. After that, it was dried up 
to a moisture content of 10.15% and the particle size was homogenized 
by sieving to particle sizes between 2.6 and 10.0 mm. 

Simulated food waste was elaborated by mixing different meat, 
fruits, and vegetables in accordance with previously reported mixture 
compositions for food waste [24–26]. The specific composition of the 
food waste can be found in Table 1. 

The anaerobic inoculum was obtained from a full-scale anaerobic 
digester working in Santiago, Chile. The digester had a stable operation 
for more than a year treating brewing residue. The physicochemical 
characterisation of substrates and inoculum can be found in Table 2. 

2.2. Experimental set-up 

Bottles of 250 mL of total volume with inoculum, substrate and BA in 
different ratios, were used for a modified biomethane potential assay 
[27] on dry-AD condition. The BA used for the variation of experimental 
porosity were cylindric hollow rings. They were made of Poly-lactic acid 
in a 3D printer and whose dimension were 10 mm high, 10 mm external 
diameter and 8 mm internal diameter. PLA was used as material for the 
BA due to its availability and high stability during mesophilic anaerobic 
digestion processes [28,29]. They were dosed and mixed with substrate 
and inoculum when preparing each bottle. Fig. 1. 

Table 1 
Composition of the simulated food waste substrate.  

Category Content 
(% by weight, 
wet basis) 

Detailed composition (%by weight, wet 
basis) 

Animal 
protein  

9.4 Beef mince with 10% of fat (9.4%) 

Vegetables  37.7 Cabbage (3.8%), carrot (2.6%), carrot peel 
(1.1%), spinach (3.8%), tomato with peel 
(3.8%), broccoli (3.8%), potatoes (15.3%), 
potato peel (3.6%) 

Fruits  18.9 Orange with peel (2.8%), lemon with peel 
(2.8%), apple with peel (5.7%), banana 
(4.5%), banana peel (3.7%) 

Carbohydrates  34.0 Rice (14.1%), noodles (14.2%), bread (5.7%)  

Table 2 
Physicochemical characterization of the used bean peel, food waste and anaer
obic inoculum.  

Physicochemical 
parameter 

Bean peel Food 
waste 

Anaerobic 
inoculum 

TS (mg/kg) 898.5 ±
1.0 

201.3 ±
1.6 

115.9 ± 0.1 

VS (mg/kg) 827.9 ±
0.1 

196.7 ±
1.7 

73.6 ± 0.1 

pH 5.29 5.59 7.22 
Lignin (%) 7.4 ± 0.2 1.6 ± 0.5 - 
Cellulose (%) 23.2 ± 0.5 8.8 ± 0.9 - 
Hemicellulose (%) 20.4 ± 0.5 19.9 ± 2.0 - 

TS: Total solid, VS: volatile solid, COD: Chemical oxygen demand. 
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In order to control the amount of solids in the test and ensure the dry- 
AD condition, the inoculum was previously drained, reducing its water 
content. Then, for conditioning, a buffer solution of 2 g/L of NaHCO3, 
and micro and macro nutrients were added. Thickened inoculum and 
substrate were dosed in an inoculum-substrate ratio of 1 (both in volatile 
solid content base), resulting in a non-shakeable slurry with a solid 
content of 12% (approximately). Then, the bottles were degassed with 
Nitrogen and subjected to vigorous manual shaking, starting the assay. 
The bottles were left standing in a thermostatic chamber that kept a 
constant temperature of 30 ◦C, until the end of the operation during 30 
d or until a negligible biogas production quantification. 

2.3. Experimental design 

To study the effect of the BA on the dry-AD process, two types of 
experiments were carried out: 1) the effect of the BA dosage and 2) the 
effect of fixed bed height. 

2.3.1. Effect of the bulking agent dosage 
Three dosage ratios of BA and substrate were evaluated: 1:2, 1:1 and 

2:1; as well as a control without BA (0:1). For each condition, both 
biogas and concentration of intermediate metabolites were monitored 
over time. Biogas production was measured daily using a pressure 
transducer; its composition (methane, carbon dioxide and hydrogen 
sulphide) was measured by sampling and quantification in gas chro
matography. The concentration of chemical oxygen demand (COD), 
ammonium (N-NH4

+), total volatile fatty acids (VFA), pH and alkalinity) 
was quantified through several bottle destruction (two each time). The 
metabolites were recovered from a leachate prepared by solid-liquid 
extraction. For each experimental condition, the study began with 10 
bottles and ended with 2. 

2.3.2. Effect of fixed bed height 
The objective of this test is to determine the effect of increasing the 

weight of the substrate bed, that is to say, the effect of compaction due to 
the weight of the substrate itself, and therefore it was evaluated to 
double the amount of digested material compared to the original test 
(2.3.1) using two BA dosage conditions, without addition of BA called 
control and a 1:1 dosage. In the same way that 2.3.1 section, biogas and 
concentration of intermediate metabolites were monitored over time. 
Biogas production through daily measurements by a pressure transducer 
and its composition (methane, carbon dioxide and hydrogen sulphide) 
by sampling and quantification in gas chromatography. The concen
tration of chemical oxygen demand (COD), ammonium (N-NH4

+), total 
volatile fatty acids (VFA), pH and alkalinity) was quantified through 
several bottle destruction (two each time). The metabolites were 
recovered from a leachate prepared by solid-liquid extraction. For each 
experimental condition, the study began with 10 bottles and ended with 
2. 

2.4. Analytical procedures 

Total solids (TS), volatile solids (VS) and chemical oxygen demand 
(COD) were measured through standard methods [30]. For metabolite 
quantification, sampled bottles were subjected to a solid-liquid extrac
tion process for leachate recovery in a destructive way. The soluble 
fraction recovered was used for soluble physicochemical parameters 
characterization (chemical oxygen demand (CODS), ammonia, partial 
and total alkalinity and VFA (estimation by using titration method) 
through standard methods [30]. Also, a mixture of VFA was individually 
quantified by HPLC (acetate, propionate, butyrate, lactate, saccharose 
and ethanol were measured) by using an Aminex HPX-87 H column with 
DAD and IR detectors [31]. 

The solid-liquid extraction process was performed directly into the 
digestion bottles after sampling. For this, 100 mL of distilled water was 
added to each bottle and mixed at 200 rpm at a temperature of 30 ◦C for 
1 h (100 C JSR thermostatic shaker). Once the time had elapsed, the 
bottles were removed from the shaker, and the pH was directly 
measured (Ohaus brand Starter 2100 pH-meter). Subsequently, the 
bottle content was decanted, and the supernatant was placed in 50 mL 
Falcon tubes for centrifugation at 5000 rpm and 10 ◦C for 10 min (Boeco 
Germany model U-320 R centrifuge); for finally filtering the soluble 
fraction through a 0.45 µm pore size. 

To measure the lignin, hemicellulose, and cellulose of bean peel and 
food waste, the dry samples were passed through a mill Restch 2000 and 
sieved between 0.40 and 0.25 mm (TAPPI T 257 cm-85), following the 
elimination of extractives compounds were carried up (TAPPI T204 cm- 
97). The measurement of the different fibre fraction was carried out 
according to the methodology described by the Technical Association of 
the Pulp and Paper Industry [32]. 

2.5. Kinetic parameters 

The Transference Function (TF) model was applied to compare the 
kinetics of the methane production, fitting the obtained experimental 
data of accumulated methane production throughout the experimental 
time (Eq. 1). TF model has been previously applied for biomethanization 
of different agro-industrial organic waste [33,34]. 

G = Gmax ∗

(

1 − exp
[

−
Rmax(t − λ)

Gmax

])

(1) 

In the TF G (mL CH4/g VSadded) is the cumulative specific methane 
production, Gmax (mL CH4/g VSadded) is the ultimate methane yield co
efficient, Rmax is the maximum methane production rate (mL CH4/(g 
VSadded d)), t (d) is the time and λ (d) is the lag time. Error (%) and r2 

were calculated to evaluate the goodness-of-fit and the accuracy of the 
results. The kinetics parameters were calculated using the software 
Sigma-Plot (version 10.0). 

Fig. 1. Bottles drawing during experimental assays: a) preparation (substrate, BA and inoculum), b) after manual mixing and c) start-up after air purging.  
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3. Results and Discussion 

3.1. Effect of the bulking agent dosage 

3.1.1. Methane production 
As shown in Fig. 2, the final methane yield coefficients of bean peel 

showed almost no differences in function of the BA dosage, achieving a 
final average value of 250 ± 9 mL CH4/g VSadded (Fig. 2a). On the 
opposite, the addition of a BA in the dry-AD of food waste resulted in an 
enhancement of the final methane yield coefficient with respect to the 
control. Concretely, the highest final methane yield coefficient was 
achieved for the BA:S ratio of 1:2, i.e., 357 ± 25 mL CH4/g VSadded, 
which entailed an increment of 28% with respect to the control (Fig. 2b). 
On the other hand, the addition of BA showed a poor influence on the 
methane content of the generated biogas for both bean peel and food 
waste (Fig. 3). However, the dry-AD of each substrate resulted in a 
different trend of the methane content. As can be seen in Fig. 3a, the 
methane content for bean peel shortly varied in a range of around 48% 
to 56%, showing all the tested conditions an average final value of 55.6 
± 0.2% at the end of the experimental time. On the contrary, the 
methane content for food waste increased from values around 43% up to 
values close to 65% at the end of the experimental time (Fig. 3b). The 

initially observed result seems to be contradictory due to the different 
nature of both residues. It is necessary to emphasize that bean peel is a 
lignocellulosic residue; therefore, it has more difficulty in its 

Fig. 2. Variation of the methane yield coefficient (mL CH4/g VSadded) for the 
control (no bulking-agent) and the assessed bulking-agent to substrate ratios for 
a) bean peel and b) food waste, throughout the experimental time; were VS, 
volatile solids. 

Fig. 3. Variation of the methane content (%) for the control (no bulking-agent) 
and the assessed bulking-agent to substrate ratios throughout the experimental 
time for a) bean peel and b) food waste. 

Table 3 
Kinetics parameters obtained from the transference function equation applied to 
each dry anaerobic digestion batch test.   

Gmax 

(mL CH4/g 
VSadded) 

Rmax 

(mL CH4/(g 
VSadded⋅d)) 

λ 
(d) 

R2 Error 
(%) 

Bean peel  
Control 262 ± 5 65 ± 3 0.2 

± 0.1  
0.990  2.9 

1:2 249 ± 6 65 ± 4 0.2 
± 0.1  

0.845  5.0 

1:1 262 ± 7 59 ± 4 0.3 
± 0.1  

0.984  4.6 

2:1 273 ± 8 52 ± 3 0.3 
± 0.1  

0.988  4.9 

Food Waste  
Control 270 ± 10 32 ± 3 0  0.976  -3.5 
1:2 383 ± 8 38 ± 1 0  0.996  6.7 
1:1 350 ± 8 36 ± 2 0  0.993  2.4 
2:1 338 ± 10 38 ± 2 0  0.986  0.3 

Gmax, ultimate methane yield coefficient; Rmax, maximum methane production 
rate; λ, lag time; VS, total volatile solids. 
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biodegradation, and it should have lower biogas production and 
methane content than food waste. On the other hand, the food waste 
that contains almost no lignocellulosic matter and is highly biodegrad
able should have been easily digested. This margin between the ex
pected result and what was observed is attributed to the physical 
conformation of the bed during Dry-AD, that is to say to the porosity of 
the digestion bed, which is responsible of the transport of gas and 
inhibitory metabolites. Then, the enhancement in the methane yield 
coefficient and methane content observed at adding BA in the digesters 
fed with food waste may mean that this substrate has a low porosity 
derived from a low content of lignocellulosic fibres (Table 2) and, thus, 
causing lack of bulking. Therefore, it tends to compact, hindering the 
transfer of matter and, thus, affecting the entire anaerobic degradation 
pathways [9,22]. In the opposite, the small impact of the BA addition 
observed for bean peel would be explained because of the high ligno
cellulosic content, that can provide structural support (Table 2), pre
venting an excessive compaction of the feedstock [35]. 

In order to facilitate the comparative evaluation of the different BA:S 
ratios, the kinetics parameters from the transference function equation 

(Eq. 1) are shown in Table 3. As can be seen, the values obtained for Gmax 
were in line with the experimental values shown in Fig. 2. In fact, the 
errors, calculated as the percentual difference between the experimental 
methane yield coefficient and Gmax, were lower than 5% in most of the 
cases, showing the good fitting of the applied model (Table 3). The 
variation of the BA:S ratio resulted in differences in the maximum 
methane production rates for both assessed substrates. For bean peel, the 
maximum methane production rate was very similar for the control and 
for BA:S ratios of 1:2 and 1:1, reaching an average value of 63 ± 3 mL 
CH4/(g VSadded⋅d). However, the increment of the BA in the ratio 2:1 
resulted in a decrease of the maximum methane production rate of 
around 20% with respect to the control (Table 3). The lack of 
enhancement by adding a BA could be explained by the lignocellulosic 
content of the bean peel, i.e., 7.4 ± 0.2% lignin and 23.2 ± 0.5% cel
lulose (Table 2), which would be enough to avoid the compaction of the 
digesters bed and allow the mass transfer [35]. However, an excess of BA 
in the BA:S ratio of 2:1 would have affected the kinetics of the anaerobic 
digestion by heat losses or by hindering contact between microorgan
isms and the substrate [36]. On the contrary, the addition of BA to the 

Fig. 4. Variation of the concentration of A) pH, B) intermediate alkaline to partial alkaline (IA/PA) ratio and C) the ammoniacal nitrogen for the control (no bulking- 
agent) and the assessed bulking-agent to substrate ratios throughout the experimental time for bean peel and food waste. The figures show the standard deviation of 
a duplicate. 
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dry-AD of food waste enhanced the maximum methane production rate 
by around 15% with respect to the control (Table 3). That would be 
explained by the enhancement of the mass transfer in the digesters by 
adding the BA, improving the microbial access to the substrate and in
termediates [9]. No significant differences in the maximum methane 
production rate were determined among the different assessed BA:S 
ratios, obtaining an average value of 37 ± 1 mL CH4/(g VSadded⋅d). 

3.1.2. Stability and soluble compounds 
Three parameters were monitored for evaluation in stability of the 

reactors for both substrates used due to BA dose: pH, IA/PA ratio and 
Ammoniacal Nitrogen (Fig. 4). In the case of pH (Fig. 4. A), the different 
BA:S ratios showed little impact on the evolution of the pH. For bean 
peel, the pH decreased significantly on the fifth day of digestion, 
reaching a value of 6.5–6.8. Then, it increased to recover a value close to 
neutrality and remained constant until the end of the test. In the case of 
food waste, the pH also decreased significantly on the fifth day to a value 
of 5.7–5.9, but the increase to neutrality occurred slowly. 

In the case of the IA/PA ratio (Fig. 4B), different behaviour was also 
observed for each residue. The bean peel showed a tendency to decrease 
constantly from values close to 0.3 to a final ratio of 0.15. Regarding the 
effect of BA, it could be indicated that the lower the BA content, the 
faster the alkalinity ratio decreased, which was manifested with greater 

significance on the fifth day. In the case of food residue, the trials with 
BA had different behaviours than the control trial, where the alkalinity 
ratio reached a maximum on the fifth day of digestion with an approx
imately value of 0.75, and then gradually decreased until reaching a 
minimum of 0.2. On the other hand, the control trial showed a gradual 
increase in the ratio, reaching a maximum on the tenth day of digestion 
and dropping abruptly. This behaviour could indicate an acceleration of 
the digestion process due to BA on food waste but not on the bean peel. 
In all cases, it can be indicated that the dry-AD processes were successful 
because they were capable of remaining at values lower than 0.4 
throughout the experimental time, indicating a stable performance of 
the dry-AD reactor operation [37]. 

The different BA:S did not significantly impact the concentration of 
ammoniacal nitrogen of the dry-AD reactor fed with bean peel or food 
waste (Fig. 4C). For both substrates, the concentration of ammoniacal 
nitrogen increased during operation time, reaching average values at the 
end of the assay of 773.53 ± 58 mg/L and 1541 ± 127 mg/L for bean 
peel and food waste, respectively (Fig. 4C). These values are at the lower 
limit of the concentrations reported as inhibitory for the dry-AD process, 
whose inhibition threshold has been defined at values higher than 1500 
to 4000 mg/L [9,38]. 

Finally, it is possible to indicate that all the experimental conditions 
studied did not present large deviations instability due to the dosage of 
BA, but that due to the nature of the residues (lignocellulose versus 

Fig. 5. Variation of the methane yield coefficient (mL CH4/g VSadded) for the 
control (no BA) and at BA/S ratio of 1:1 for a) bean peel and b) food waste, 
throughout the experimental time; were VS, volatile solids. 

Fig. 6. Variation of the methane content (%) with and without Bulking agent 
throughout the experimental time for a) bean peel and b) food waste. 
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easily biodegradable), different behaviours were observed as a function 
of time for the monitored metabolites. 

3.2. Effect of fixed bed height 

3.2.1. Methane production 
Increasing the height of biomass in the reactors resulted in a signif

icant effect of the BA addition to the digesters on the methane yield 
coefficient and methane content in both studied substrates (Figs. 5 and 
6). Unlike previously observed (Fig. 2), the addition of BA to the di
gesters fed with bean peel resulted in an enhancement of the methane 
yield coefficient, which increased up to 17% with respect to the control 
(Fig. 5a). 

This positive effect was much more marked in the digesters fed with 
food waste (Fig. 5b), where the methane production increased from 40 
± 9 mL CH4/g VSadded to 156 ± 63 mL CH4/g VSadded, i.e., 292% higher, 

by adding BA respect to digester without BA. That would be explained 
by an increase in the compaction of the digester bed due to the increase 
in the bed height with respect to the results discussed in Section 3.1. 
Besides, the higher impact of the addition of BA in the digesters fed with 
food waste with respect to the digesters fed with bean peal could be 
expected due to the lower content in lignocellulosic fibres of the food 
waste (Table 2), which facilitated the compaction of the digesters and, 
thus, affected the homogenization capacity and even the microbial 
growth [9,19]. With respect to the methane content (Fig. 6), it does not 
show a marked difference in the digesters fed with bean peel despite the 
added BA, reaching values close to 60% at the end of the experimental 
time at both conditions (Fig. 6a). On the contrary, the highest impact of 
the BA addition on methane content was observed for the digester fed 
with food waste, where the operation without BA resulted in the 
decrease of the methane content in the biogas throughout the experi
mental time up to values below 10% (Fig. 6b). On the contrary, the 

Fig. 7. Variation of the concentration of a) pH, b) soluble chemical oxygen demand (CODsoluble), c) intermediate alkaline to partial alkaline (IA/PA) ratio, d) 
volatile fatty acids (VFA) concentration, and e) ammoniacal nitrogen of the digesters fed with bean peel and food waste at the initial and final time of the exper
iments. The figures show the standard deviation of a duplicate. (Legend: light blue colour is bean peel and green colour is food waste. Bars with lines corresponds to 
initial time and the solid bars are final time). 
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dry-AD reactor with BA fed with food waste showed a methane content 
of around 60% after 20 days of operation. The kinetics parameter 
showed a trend in line with the differences observed for the methane 
yield coefficient (Supplementary material, Table S1). 

3.2.2. Stability and soluble compounds 
For dry-AD fed with been peel, despite of the enhancement observed 

in the methane yield coefficient (Fig. 5a), the addition of BA did not 
entail remarkable differences in the physical-chemical characterisation 
of the digesters at the end of the experimental time. On the contrary, for 
dry-AD fed with food waste, the improvement by the addition of BA was 
also observed in the physical-chemical characterisation of the digesters 
(Fig. 7). Concretely, the dry-AD operation with and without BA addition 
using bean peel as substrate allowed a pH within this optimal range at 
the end of the experimental time (Fig. 7a). As can be seen in Fig. 7b, the 
operation of digesters fed with food waste without BA resulted in the 
acidification of the process, with a pH of 5.2 ± 0.1 at the end of the 
experimental time. In fact, the quantification of these effects showed a 
significant variation for the food waste without BA (control), being 
statistically lower than the initial value (P(t)= 0.0162), and also, it was 
lower than the pH obtained when the BA was applied (P(t)= 0.000212). 
These results indicate that the presence of the BA effectively reduces the 
pH drops. In addition, this value would reinforce the inhibitory effect of 
biogas production, over the inoculum pretreatment, and explain the low 
methane yield coefficient observed at this condition, since the meth
anogenic activity is drastically inhibited at a pH outside the range 
6.6–7.8 [39,40]. Nevertheless, the use of a BA favoured the dry-AD, 
allowing a pH within the optimal range for the methanogenic activity 
[39,40]. 

With respect to COD soluble (Fig. 7b). In reactors for bean peel with 
and without BA was possible the reduction of the soluble COD around 
90% respect to the initial concentration, while using food waste as 
substrate it was not possible to reduce the COD, obtaining an increase. 
Also, the data shows an apparent reduction in the soluble COD caused by 

the BA for both residues; however, upon quantifying the effect, it was 
determined that the differences were negligible. The consumption of 
soluble organic matter in a reactor with and without BA using bean peel 
as substrate was in line with the drop of the IA/PA ratio to 0.03 at the 
end of the experimental time (Fig. 7c), showing a very stable operation 
[37]. Instead, for food waste as substrate in reactor with BA the IA/PA 
was close to 0.5. 

The digestors with BA resulted in a slight increase of the ammoniacal 
nitrogen concentration respect to digestors without BA for both sub
strates (Fig. 7e); which, despite having the same behaviour in both 
residues, resulted to be negligible statistically. That would indicate an 
easier access to the microorganisms to the substrates or that this specific 
condition facilitated the metabolism of the nitrogenous compounds 
(proteins) present in each residue; resulting in a higher biodegradation 
with a higher release of ammoniacal nitrogen. Besides, the determined 
concentrations of ammoniacal nitrogen in all the cases were lower than 
the concentrations reported as inhibitory for the dry anaerobic digestion 
process, i.e., 1500 to 4000 mg/L [9,38]. 

The VFA content (Figs. 7d and 8b) from bean peel, decreased 
significantly around 85% (Fig. 7d) for the digester with and without BA 
(P(t)= 0.00138 for control and P(t)= 0.00132 for BA 1:1), showing a 
stable operation for this condition and a very small residual amount, 
mainly composed by acetic acid (Fig. 8b). On the contrary, for the di
gesters with and without BA, the ease of generating VFA from food waste 
[17] resulted in non-optimal stability values increasing significantly the 
total VFA amount (P(t)= 0.000849 for control and P(t)= 0.0185 for BA 
1:1). Indeed, the increment of VFA (Fig. 7d) was in line with the pH at 
the end of the experimental time, showing a higher significant acidifi
cation of the dry-AD process without BA (Fig. 7a) being the concentra
tion reached by the control three times that of the system with BA (P 
(t)= 0.00435). In this case, the dominant compound was the butyric 
acid over the acetic acid (Fig. 8b). Generally, it is known that the 
imbalance in the acid content is a sign of inhibition of anaerobic 
digestion, which has also been observed in the specific case of butyric 

Fig. 8. Quantification of soluble organic compounds by HPLC, which only detected acetic, butyric and propionic acids, under the different conditions studied: a) 
Food waste and b) Bean peel. The figures show the standard deviation of a duplicate. 
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acid in dry anaerobic digestion process [41]. On the other hand, the BA 
in the digesters fed with food waste favoured the consumption of VFA, 
which presented a final value of 3958 ± 570 mg/L, i.e., 67% less than 
without BA, although still presenting a high proportion of butyric acid 
over acetic acid (Fig. 8a). This difference in the VFA concentration for 
the digesters fed with food waste was in line with the observed differ
ences in methane production (Fig. 5b), indicating that the addition of BA 
favoured the methanogenic activity, probably due to the enhancement 
of the mass transfer that could facilitate to the methanogens the access to 
the VFA [9]. Despite of the improvement in the VFA consumption, for 
food waste as fed to digesters with BA still showed a partial accumula
tion of soluble COD, probably indicating that the microorganisms did 
not exhaust the consumption of organic matter at the end of the 
experimental time. This incomplete biodegradation would also explain 
the determined IA/PA ratio (Fig. 7c), slightly above the limit for a stable 
operation [37]. 

Thus, as it was concluded from the evaluation of the methane pro
duction, the low lignocellulosic content of food waste (Table 2) would 
favour the compaction of the reactor, and, therefore, the addition of a BA 
favoured the dry-AD reactor. Contrary, the bean peel has enough 
lignocellulosic content so as not to require a BA that improves mass 
transfer. 

4. Conclusions 

The addition of BA is a suitable strategy for improving the methane 
production and stability in dry-AD systems. The positive effect of the BA 
can be related to an enhancement of the porosity in the digester bed, 
which reduces the compaction and, thus, favours the mass transfer 
during the dry-AD process. In that sense, the optimal BA:S ratio was 
dependent on the characteristics of the substrate, being observed a 
higher enhancement of the parameters for food waste, a substrate with 
lower lignocellulosic content and more acidifiable than bean peel. The 
positive effects associated with the addition of BA were also higher at 
increasing the bed height due to the higher impact of the compaction 
effects in the digester beds. 
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[31] de Sá LRV, de Oliveira MAL, Cammarota MC, Matos A, Ferreira-Leitão VS. 
Simultaneous analysis of carbohydrates and volatile fatty acids by HPLC for 
monitoring fermentative biohydrogen production. Int J Hydrog Energy 2011;36 
(23):15177–86. 

[32] Tappi Test Methodos Standard Methods for Pulp and Paper, Tappi Press, Atlanta, 
GA, USA, 1997. 
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composting in the two-stage system: the role of different bulking agents and 
amendments. Energies 2022;15(14):5014. 

[36] Kulcu R, Yaldiz O. Composting of goat manure and wheat straw using pine cones as 
a bulking agent. Bioresour Technol 2007;98(14):2700–4. 
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