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Department of Environmental Sciences, PMAS Arid Agriculture University, Rawalpind, Pakistan

In the present study, a biorefinery system is proposed using catering and agro industrial

waste for biogas and low phytotoxic digestate. Anaerobic co-digestion of catering

waste with partially pre-treated (microwave 800 J/g/min + steam 121 ◦C 40min) maize

crop residues was conducted under different composition (20–50%) of feedstock. The

results showed that the biogas production was increased by 2.03 times in co-digestion

experiment (40% partially pre-treated maize crop residue + 60% catering waste: TCM3)

as compared to catering waste alone (control). The increment in accumulative methane

116.7 m3 t−1 was recorded in TCM3 which is due to improvement in biodegradation

under co-digestion process. The post digestion byproduct (residual digestate) was

evaluated for its phytotoxicity which is supplied with aerobic post treatment. The post

treatment has improved the digestate quality by decreasing VS/TS ratio from 259 to 173

g/L and slightly increase the pH from 7.29 to 8.32. Seed germination assay showed

that the germination percentage (G%), germination index (GI) and vigor index (VI) were

relatively higher with post treated digesate as compared to un-treated digestate. In

the germination test using wheat seeds, the post treated digestate (5% sol. extract)

achieved higher values of GI and VI (46 and 609) whereas in un-treated, values for these

indices were 14 and 62, respectively. Overall the findings of the present study identify

the significance co-digestion based waste biorefinery, in order to development of value

added bio-products such as biogas and biofertilizers.

Keywords: anaerobic digestion, biorefinery, bioenergy, digestate, phytotoxicity, organic waste

INTRODUCTION

The advancement in living standard has risen the generation of organic waste at substantial rates.
One of the signific sources of organic wastes in municipalities is from catering services which are
generated excessively in hotels, canteens, restaurants, and the aviation industry (Ayomoh et al.,
2008; Jiang et al., 2018). Catering waste may contain vegetables, fruit, meat, baked goods, dairy,
and animal by-products which are not only rich in nutrients, but also a variety of amino acids,
proteins, carbohydrates, and vitamins are also present. According to an estimate of UN Food and
Agriculture Organization, about 1.3 billion tons of these kinds of waste are lost during the food
supply chain (Jiang et al., 2018). Catering wastes are problematic to treat due their high moisture
content, it can involve in the transmission of pathogen microorganisms that possibly cause diseases
in humans and also pollute drinking water (Chen et al., 2017). Hence, it requires being dealt in an
environmentally safe method (Zhang et al., 2005; Izumi et al., 2010; Anjum et al., 2016). On the
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other hand, agriculture is another major source of organic waste
in the form of crop residues. Maize is known as one of the
major crops in Pakistan, which produce thousands of tons of
post harvesting residues. These residues are difficult to degrade
through a biological process due to high content of lignocellulose
(Surra et al., 2018).

The organic waste when disposed in landfills creates problems
of leachate and biogas production that not only create nuisance
in the landfill area, but also results in the loss of huge resource
potential. Thus, an effective management system (biorefinary) is
required to ensure the integration of organic waste management
with energy recovery and reuse of byproduct formulation.
Competence of biological waste treatment in this regard is well
established option both in terms of scope and applicability, as it
encompasses a wide variety of organic wastes ranging from food
waste (Kuczman et al., 2018) and agro-allied industries (Alvarez
et al., 2010) to waste activated sludge (Bolzonella et al., 2012;
Bundhoo et al., 2016).

Among biological treatment anaerobic digestion has received
special interest in the past few years, which results in the
production of two byproducts that is biogas and digestate (Chen
et al., 2018). However, some interventions are still needed for
the provision of balanced nutrients and stable conditions for
creating efficient digestion systems (Sosnowski et al., 2003).
Recently, anaerobic co-digestion has been reported to improve
the digestion process and energy production by improving the
nutrient availability and organic load, while lowering the toxicity
of the inhibitory compounds by dilution (Anjum et al., 2012,
2016; Serrano et al., 2013).

In anaerobic digestion most of the studies highlighting the
anaerobic treatment of organic waste have made significant
improvements to enhance the energy recovery as a factor
of biogas production. Where mere efforts have been made
to utilize anaerobic digestate which is an enriched nutrient
source(Abdullahi et al., 2008; Trzcinski and Stuckey, 2011). The
digestate effluents carry vital nutrients capable of promoting
plant growth (Tornwall et al., 2017). Application of such high
nutrient entities to the soil not only ensure the sound disposal
of anaerobic byproducts, but also is an appealing solution
to declining soil nutrient balance, which has identified as an
important soil health problem worldwide (Galvez et al., 2012;
Da Ros et al., 2018). However, the characteristic phytotoxicity
limits the applications of anaerobic digestate as soil conditioner
(Coelho et al., 2018). The fertilizer value of digestate can
be enhanced by reducing its phytotoxic effects. Therefore,
an appropriate pre-treatment is required that ensures sound
application of anaerobic digestate to the soil. Aerobic “polishing”
is identified as competent option for the reduction of toxic
effects of anaerobic digestate through reduction in moisture,
odor, carbon and pathogens in the digestate.

In view of above mention concerns the present study was
conducted with the aims to: (1) partial pretreatment of maize
crop residue to improve its digestibility in co-digestion with
catering waste, (2) Optimizing substrate ratio in co-digestion
catering waste and partial pre-treated maize crop residues to
maximum digestibility and biogas production, (3) to test and
prepare a low pytotoxic digestate as an organic conditioner for
plants.

MATERIALS AND METHODS

Feedstock Material and Physico-Chemical
Characterization
The raw materials used for the preparation of digestate
were catering waste and crop residues maize crop residues.
The catering waste samples were taken from local food
restaurants and banquet halls of Rawalpindi city, while
the maize residues were collected from PMAS Arid
Agriculture University Research Farm located at Koont,
Pakistan. The initial physico-chemical characterization of
catering waste and maize crop residues are described in
Table 1.

Pre-treatment of Maize Crop Residues
Prior to anaerobic digestion maize crop residues were supplied
with the pretreatment steps, which were selected based on a
partial level of treatment with minimal energy prerequisite, and
that avoids the complete degradation (Taherzadeh and Karimi,
2008). Sequential physical pretreatments, microwave irradiation
and steam water were applied to the maize crop residues in
order to enhance the accessibility of lignocellulose of maize crop
residues for biological degradation. For microwave irradiation
pretreatment a household-type DW-105-G microwave oven
(Dawlance, Pakistan). Maize crop residues (50 g of each) were
placed in the microwave oven for 3min supplying energy of
800 J/g/min. Subsequently, irradiated substrate was placed in
a high-pressure steam unit (Nanolytik Nanoclave 1, Germany)
for 40min at 121◦C for steam treatment (Anjum et al., 2016).
After pretreatments, maize crop residues were dried in air
for 6 h, and later in a digital oven for 12 h prior to use in
co-digestion.

Anaerobic Co-digestion Experiment
Anaerobic digestion experiments were performed in two steps.
First, the optimization of feeding composition was performed
and secondly the analysis of optimized co-digestion treatment
was conducted during biogas production. At first set of
experiment anaerobic co-digestion experiments were performed
using catering waste as a main substrate mixed with partially pre-
treated maize crop residues at different compositions. Maize crop
residues (M) were used in 20, 30, 40, and 50% of total fraction
with catering waste, while similar experiments were repeated

TABLE 1 | Physico-chemical characteristics of substrates.

Parameters Units Catering waste Maize crop residues

Volatile solids g/L 913 ± 18.9 946 ± 19.93

Total dissolve solids g/L 5.81 ± 0.36 0.31 ± 6.32

Fixed solids g/L 87 ± 10.7 30 ± 3.11

Total solids g/L 143 ± 5.71 874 ± 21.5

Carbon % 51 ± 1.78 62 ± 4.32

C/N ratio – 25 ± 1.05 53 ± 3.45

COD g/L 30.8 ± 0.39 34.5 ± 0.36

pH – 3.91 ± 0.06 5.01 ± 0.05

Electrical conductivity dS/m 3.00 ± 0.15 5.36 ± 0.71
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with untreated maize crop residues. Anaerobic glass batch bottles
of 500ml capacity were used with total substrate volume of
350 and 150ml empty head space. All mixtures of substrates
were prepared on the basis of total solids. The seed anaerobic
microorganisms were applied using previously digested organic
waste added at a rate of 100 g/L (Anjum et al., 2012). A suitable
amount of water was added keeping the moisture content of
reactors fixed between ranges of the 70 and 75%. Co-digestion
experiment took place for 6 weeks 42 at mesophilic temperature
30± 1◦C. To examine the degradation efficiency of co-digestion,

samples were analyze at different interval changes in COD and
VS.

In the second set of experiment, selected treatments (40
% maize crop residues and 60% catering waste) (TEM3) was
subjected to biogas production in a lab scale, anaerobic static
batch reactor and compared with control. Two similar reactor of
dimensions 13× 30 cm (diameter×width) each, having capacity
of 2,500ml were designed. One reactor was used for co-digestion
(TEM3), while the second was used as control reactor having
catering waste only. About 2,000ml of the reactor volume was

FIGURE 1 | Anaerobic co-digestion test of catering waste with maize crop residues; (A) Effect on VS degradation, (B) Organic matter removal efficiency.

Frontiers in Energy Research | www.frontiersin.org 3 November 2018 | Volume 6 | Article 116

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Anjum et al. Co-digestion of Organic Wastes

filled with the substrates, while 500ml head space was left empty
for biogas accumulation. Biogas was collected in biogas collection
bag connected at the top biogas valve, through the flow tube built
in with an internal valve to control the one-way flow of biogas.
The digestate samples were taken from the lower part of the
reactor where a sampling valve was set. Both reactors were placed
in an incubator at fixed temperature 30 ± 1◦C. The biogas was
analyzed using liquid displacement apparatus.

Aerobic Post Treatment of Digestate
Two digestate samples were collected from anaerobic co-
digestion of catering waste and maize crop residues. One
digestate sample is supplied with an aerobic post treatment in
order to reduce toxic substances exist in digestate, while second
digestate sample did not supply with any post treatment. Aerobic
pretreatment was performed using continuous stirred aerobic

reactor supplied by continuous air diffusion from the bottom and
string of 150 rpm. The temperature was maintained in range of
32–35◦C and reaction was continued for 20 days. The digestate
quality was analyzed bymeasuring carbon content, volatile solids,
pH and EC using standard methods. The digestate was dried
in a digital oven for 24 h at 70◦C. The final obtained digestate
materials were preserved in the cold storing unit at temperature
>50◦C for further utilization in experiments.

Phytotoxicity Test
The phytotoxicity test of both digestate was conducted by using
72 h seed germination assay. Germination assay is a rapid and
widely applied method for evaluating phytotoxicity of organic
product (Da Ros et al., 2018). Three dilution of each digestate
material (post treated and untreated digestate) were prepared
using 5, 10, and 20 g of dried digestate in 100ml of distilled water.

FIGURE 2 | Anaerobic co-digestion test of catering waste with maize crop residues; (A) Effect on COD, (B) COD removal efficiency.
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Wheat seed were used to testing seed germination assay. For the
germination assay, Petri dishes of 10 cm diameter were lined with
watt man filter paper. Each dish received 5ml of the digestate
solution using a micropipet. Ten wheat seeds (sterilized) were
placed in each petri dish and sealed with the parafilm. The petri
dishes were incubated at 25◦C for 72 h in the dark conditions.
The germinated seeds were counted and, root length and shoot
length were measured were at regular interval during 72 h. The
seed germination percentage (G%), germination index (GI) and
vigor index (VI) were analyzed to estimate the phytotoxicity of
digestate.

Anatical Methods
Chemical oxygen demand (COD) was analyzed using the closed,
reflux titrimetric method applying the standard method of

American Public Health Association (APHA (American Public
Health Association), 2005). COD was calculated using the
following equation (Equation 1):

COD
(

mg/L
)

=
(X − B) × M × 8000)

Vol. of samle
(1)

The factor X-B is ml of FAS used for blank subtracted from ml
of FAS used for sample. M denotes the molarity of FAS, whereas
the value 8,000 is the weight of oxygen mill equivalent 1,000
ml/l. Solid fractions i.e., TS and VS were analyzed using the
standard method # 1684 (US EPA, 2001). TS was determined by
measuring the difference in mass of the sample before and after
drying in oven at temperature 105◦C, whereas VS was measured
as an ignition loss at high temperature (550◦C) in the muffle

FIGURE 3 | Anaerobic co-digestion of catering waste with partial pre-treated maize crop residues at optimum mixing ratio for biogas production; (A) Biogas

production rate, (B) Accumulative biogas production.
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furnace. The C:N ratio was calculated by taking the total mass
of carbon divided by mass of nitrogen in grams (Smith and
Holtzapple, 2011; Anjum et al., 2012). pH, EC, and TDS values
were recorded on Crison Multimeter (Model number: “CRISON
MM-40þ”). In anaerobic digesters, the biogas production was
measured as methane production through liquid a displacement
methods for duration of 80 days using the method described by
Elaiyaraju and Partha (2012). During phytotoxicity experiment,
seed germination assay was conducted where seed germination
index, germination percentage, seedling length, and vigor index
were measured. The germination index (GI) was calculated using
the following formula (Equation 2) (Mitelut and Popa, 2011):

GI =
G

Go
×

L

Lo
× 100 (2)

where Lo and Go are root growth and germination
percentage. Data interpretation, calculation, averages
and standard deviations were calculated using MS Office
Excel 2010.

RESULTS AND DISCUSSION

Anaerobic Co-digestion Test of Catering
Waste With Maize Crop Residues
Optimization of Substrate Ratio and Effect of

Pretreatment of Maize Crop Residues
For optimization of the substrate ratio, the co-digestion
experiments were conducted using catering waste as main
substrate andmaize crop residues as co-substrates (untreated and
pre-treated with microwave-steam) for a duration of 42 days. The

FIGURE 4 | Post treatment of anaerobic co-digested digestate for bio-product formulation; (A) Effect on VS and Carbon content, (B) Effect on EC and pH.
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FIGURE 5 | Seed germination assay; (A) Seed germination percentage using un-treated digestate, (B) Seed germination percentage using aerobic post treated

digestate.

FIGURE 6 | Seed germination assay; (A) Seed germination index using un-treated digestate, (B) Seed germination index using aerobic post treated digestate.

results regarding organic matter removal efficiency (VS content
basis) and change in COD are explained as under:

The results regarding VS content and organic matter removal
efficiency are described in Figure 1 which showed that the
co-digestion experiments with pre-treated maize crop residues
showed more reduction in VS as compared to untreated maize
crop residues. The maximum reduction in VS was shown by
CM4 (50% untreated crop residue ratio) where VS content was
lowered to 644 g/kg from 881 g/kg after 42 days of incubation.
However, maximum degradation in case of pre-treated maize
crop residues was observed in TCM3 (40% ratio), with the VS
reduction of 302 g/kg from 798 g/kg. The organic matter removal
efficiency was achieved up to maximum 62% in TEM3 compared
to the TEM4 (45%). The increased in organic matter removal
efficiency is probably due to the increase in lignin loss under the
influence of pretreatment of maize crop residues as reported by
Yuan et al. (in press). The fact that pre-treatment enhance the
degradation of lignocellulose and hemicellulose material of maize
crop residues which are actually recalcitrant in nature (Surra
et al., 2018). After applying pre-treatment these material partially

degraded and become available to microorganisms. Overall,
these outcomes revealed that the pretreatment of maize crop
residues has enhanced the degradation in co-digestion process
with catering waste.

The variation in COD values during anaerobic digestion of
catering waste and pre-treated maize crop residues is presented
in Figure 2 COD is used as a sole indicator of optimization of
anaerobic digestion process. After 42 days of the co-digestion
process, the highest decrease in COD (30.2–11.5 g/L) was
observed at 40% maize crop residues (TCM3), which means that
insoluble COD (51%) was probably transformed soluble organic
matter to final mineralized products (Figure 2B). In untreated
maize crop residues the maximum degradation COD from 31.2
g/L (day1) to 20.4 g/L (day 42) was achieved at 40% fraction
ration with catering waste (CM3). The lowest COD removal
(31%) was observed in CM1 and CM4 in case of untreated
maize crop residues which is even lower than catering waste
alone (control) where COD removal of 46% was found. The
improved COD degradation with pre-treated maize crop residue
was due to the fact that pretreatment provides more organics in
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FIGURE 7 | Seed germination assay using un-treated and aerobic post treated digestate; (A) Root length, (B) Shoot length.

solubilized form (sCOD) and thus more available to anaerobic
bacteria (Anjum et al., 2018). Overall, these results showed that
use of pre-treated crop residues is more promising with catering
waste co-digestion where optimum mixing ration was found at
40% maize crop residue with 60% catering waste and labeled as
TCM3.

Biogas Production
To observe the biogas potential of mixed catering waste and
maize crop residues, anaerobic digestion was performed in

two static batch reactors. One is for co-digestion containing
both substrates in ratio as optimized in previous experiment
(TCM3), while second reactor was taken as control containing
catering waste alone. The results showed that the addition of
pre-treated maize crop residues in catering waste, significantly
increase the methane production potential as compared to
that in catering waste alone (Figure 3A). During the anaerobic
digestion process of 80 days, TCM3 co-digestion reactor showed
an increasing trend in biogas production up 27–42 days where
highest methane generation rate of 2.46 m3 d−1 t−1 was
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FIGURE 8 | Seed germination assay; (A) Vigor Index with un-treated digestate, (B) Vigor Index with aerobic post treated digestate.

recorded. The incremented methane production was due to the
influence of pretreatment of lignocellulosic biomass, where the
pretreatment degrade the lignocellulose and increase the cellulose
component (Rajput and Visvanathan, 2018). Furthermore, it is
well reported that the co-digestion has ability to provide more
balance nutrients such as optimum C/N (Wang et al., 2014) and
increased P (Medvedeff et al., 2014) content which ultimately
improve the growth of methanogens and biogas production.

On the other hand, control bioreactor showed the highest
methane production rate of between after 54–60 days. Thereafter,
the methane production rate was become stable in TEM3 co-
digestion reactor till 80 days. In control bioreactor the methane
production rate was slightly decrease after 60 days, which is
due to slow and incomplete degradation rate. The lowering in
methane production in catering waste alone may be due the
accumulation of volatile fatty acids, as acidic pH range was found
during the anaerobic digestion process. Moreover, the inhibition
in biogas production may be cause due to accumulation of
ammonia within the system which cause lowering in C/N ratio
below the optimum range (25–30 required for methanogens
Wang et al., 2014. The accumulation of volatile fatty acids inhibit
the methanogenic activity and longer the acetogenic phase, thus
reduces overall efficiency of the system Chen et al., 2014; Yang
et al., 2015; Jiang et al., 2018. Overall, the accumulative methane
production was more in TEM3 as compared to catering waste
alone (Figure 3B). Themaximum accumulativemethane of 116.7
m3 t−1 was recorded in TCM3 reactor i.e., 2.03 times more as
compared to control reactor. The addition of the co-substrate
in anaerobic digestion process has influence the provision of
more balanced nutrients such as C/N ratio and, organic load,
thus creating more suitable conditions for microbial activity
(Sosnowski et al., 2003; Zou et al., 2018).

Effect of Aerobic Post Treatment of
Digestate
In order to prepare anaerobic digestate bio-product as low
phytotoxic organic fertilizer, aerobic post treatment was applied

to the anaerobic digestate of co-digested catering waste and
wheat crop residues (TCM3). Figure 4A expressed the results
regarding effect on VS and carbon content due aerobic post
treatment. VS in the digestate was decreased from 209 g/L to
113 g/L after 20 days where as carbon content was lowered to
17% from 24% in fresh digestate. The lowering in VS and carbon
content is attributed degradation of toxic organic compound
especially organic acids produced during anaerobic digestion
process. The lowering in VS content in post treatment make
digestate more stable (Wojnowska-Baryła et al., 2018). These
means that aerobic post treatment for 20 days could lower the
phytotoxic compounds in digestate and make more feasible bio-
product for soil application.

In case of pH, aerobic post treatment increases an overall pH
of the digestate up 8.32 which is very favorable for soil application
(Figure 4B). The basic reason of low pH in anaerobic digestion
production of organic acid in high quantity which inhibit the
digestion process (Yang et al., 2015; Zhang et al., 2018), but in
the present study the pH of 7.29 showed that there were limit
accumulation of organic acids and aerobic post treatment has
further improved the pH of the digestate. Electrical conductivity
is another important indicator of quality of digestate which
mainly represents the concentration of salts and ions. EC values
of 3.62 dS/m was found in anaerobic fresh digestate which is
further lowered to 1.81 dS/m after aerobic digestion process
(Figure 4B). EC can influence seed germination in contact with
digestate, where lower EC is more favorable for seed germination
(Coelho et al., 2018). This showed that EC of the digestate could
be improved by post treatment of digestate in order to cause least
negative effect in soil due to higher EC.

Phytotoxicity Analysis of Digestate
Phytotoxicity is widely applied and promising parameter to
evaluate digestate application on plants which describes the index
its overall eco-toxicological impact (Da Ros et al., 2018). The
phytotoxicity test of both untreated and post treated digestate
at varying digestate solution (5, 10, and 20 g per 100ml water)
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was performed using seed germination assay on wheat seeds.
The results regarding seed germination percentage are described
in Figure 5. Seed germination was continuously increased in
case of control (Water only) where after 72 h 91% of seed
were observed fully germinated. When digestate was applied
G% was lowered where only 17 % of germination was found
even after 72 h in D20 (20 g untreated digestate/100ml water)
(Figure 5A). However, a slightly higher G% (38 and24%) was
found in D5 and D10, respectively after 72 h. This shows that
the digested without post treatment cause swear toxicity to
wheat seed which in increased as the concentration of digestate
increase.

In case of post treated digestate an improvement in G% was
observed with up to 85% seed germination was attained after 72 h
in PD5 (5 g/100ml) (Figure 5B). These finding also confirmed by
the Germination Index (GI) values with a maximumGI of 46 was
shown by PD5 and followed by PD10 (GI= 39) and PD20 (GI=
37) (Figure 6). However, the lower germination index values in
un-treated digestate was observed which is probably due to low
high EC values (Tang et al., 2018).

The seedling length was measured after 72 h of incubation
and illustrated in Figure 7. Both shoot length and rood length
were significantly increased with post treated digestate solution.
A maximum root length of 6.01 cm and 5.19 cm were achieved
by PD5 and PD10 which were 4.9 and 4.8 times higher than
respective treatments with untreated digestate. Similarly, shoot
length of 7.34 cm was the highest in PD5 with the slight lowing
in PD10 (6.06 cm) and PD20 (5.60 cm). The improvement in
seedling length is attributed to the post treatment of digestate
which supply more plants essential nutrients [N, P, and K
(Coelho et al., 2018)] to seedling with least effect of toxic
materials.

Vigor index is one the known indicator used in analyses
toxicity in plants (Shaikh et al., 2013). The vigor of seeds was
described as a vigor index (VI) as illustrated in Figure 8. Seeds
treated with post treated digestate showed the higher VI i.e., up to

609 in PD5, where with the increase in concentration of digestate
from 5 g/100ml to 20 g/100ml, VI was decreased to 377. On
the other hand the seed grown with untreated digestate shows
significantly lower vigor i.e., even with a value of zero with D20
(20 g/100ml).

CONCLUSION

The present study demonstrates the successful application
of anaerobic co-digestion process for catering waste with
partially pre-treated maize crop residues to produce biogas
and biofertilizer production. The co-digestion of catering waste
partially pre-treated maize crop residues at 40 % mixing ratio
(TCM3) showed a significant degradability, where, 2.03 times
higher methane production was achieved compared to control
reactor.

Thereafter, the quality of digestate was improved by applying
aerobic post treatment. The phytoxic analysis showed that
improved G% (85%) while maximum GI of 46 and VI of 609
were achieved. Overall, the present study proposed a biorefinery
concept in which co-digestion can be used as waste management
approach for multiple outcomes such as energy recovery and
biofertilizer production.
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