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Abstract
Nowadays, Tunisia faces challenging environmental and energy issues which relate mainly to the implementation of an 
appropriate solid waste management system capable of dealing with the high production of biowaste on the one hand, and the 
increased need for water and energy resources on the other. Therefore, the current study is intended to develop a closed cycle 
technical concept treating mainly food waste (FW) through combined biological processes. In this approach, FW anaerobic 
digestion (AD) was destined to provide a valuable input material for FW in vessel-composting by exploiting the produced 
digestates. To this end, the gathered AD-effluents of three systems (D1, D2, D3) were entirely analyzed to select, as a further 
step, the most suitable one to be subject of the suggested post-treatment. Hence, several physiochemical parameters were 
examined as key performance indicators. It mainly consisted of moisture content, pH, C:N ratio and heavy metals contents. 
The current findings depicted that the generated digestates were characterized by a high moisture content which inspired its 
utilization as an unconventional moisturizing agent (MA) aiming to reduce the fresh water consumption during the compost-
ing process. Thus, two experimental setups were carried out to evaluate the effect of the selected digestate on FW-in-vessel 
composting process performance, as a non-standard MA inserted to A2, comparing to the unamended one (A1) which was 
moistened by fresh water. In fact, basing on the above-mentioned criteria, the relatively high C:N ratio (of around 15), as 
well as the relatively significant rate of the required macro- and micro-nutrients promoted the exploitation of biochar-rich 
digestate (D3) as not only an efficient unconventional MA, but also as a composting process booster. Furthermore, the results 
revealed that the addition of D3 improved significantly the composting process performance in terms of steering parameters 
including the attained temperature, MC and pH. When it comes to the maturity and stability assessment, the decreased 
profiles of C:N ratio, the nitrification index (NI), as well as the respiration activity (AT4) ascertained the fulfilment of the 
required conditions for both A1 and A2 to produce stable and mature end-products. However, regarding the compost qual-
ity, the examined concentrations of heavy metals met the requirement set by German standards and attested that both A1 
and A2 generated highly-qualified products, rated as class B and A, respectively. Furthermore, it is noteworthy to mention 
that even the AD-effluents which were classified as an “inappropriate substrate” to be inserted to the composters, met the 
required criteria to be applied directly to land as a highly-qualified liquid biofertilizer. This latter ascertained, additionally, 
the efficiency and feasibility of the suggested closed cycle for a sustainable FW management.
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Abbreviations
AD	� Anaerobic digestion
UBc	� Unmarkable biochar
MC	� Moisture content
FW	� Food waste
WS	� Wheat straw
CM	� Cattle manure
Di	� Digestate
MA	� Moisturizing agent
FM	� Fresh matter
TS	� Total solids
TEs	� Trace elements
Mc	� Mature compost
BA	� Bulking agent
HMs	� Heavy Metals contents
TC	� Total Carbon
TN	� Total Nitrogen
EC	� Electrical Conductivity
NI	� Nitrification Index
AT4	� Respiration Activity

Statement of Novelty

The outcomes of the current research work intended to help 
decision makers to convey sufficient technical details to 
draw the design of biological facilities in order to imple-
ment sustainable organic waste management system in the 
framework of “Renew_Value” project. Therefore, various 

residues generated from different sectors of activity in Tuni-
sia were object of biological treatments. Organics collected 
from catering and hospitality area (i.e. food waste), from 
agricultural sector (i.e. wheat straw and cattle manure) and 
industrial area (i.e. unmarkable biochar) were initially anaer-
obically co-digested to collect later AD-effluents. As Tunisia 
suffers not only from organic waste mismanagement but also 
from water shortage, the combination of aerobic-anaerobic 
processes served firstly to upcycle efficiently the generated 
AD-effluent and then to boost composting process by pro-
viding the matrix with acclimatized inoculum and reducing 
fresh water consumption simultaneously.

Introduction

The inappropriate collection and disposal of organic wastes 
creates serious concerns in terms of environmental degrada-
tion, health risks and socioeconomic problems which con-
ducted to an unavoidable instability, particularly in devel-
oping countries [1]. Therefore, increasing public pressure, 
as well as the consequent environmental legislation, has 
driven stakeholders, decision makers and experts to intro-
duce stronger waste management strategies [2]. These strat-
egies are intended not only to deal with the environmental 
and socioeconomic conditions of the affected countries, but 
also to ensure the efficient recovery of significant volumes of 
biowaste [3], [4]. In recent years, biological treatments have 
come to be considered to be one of the most suitable options 
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for handling organic residues. However, such treatments 
were sometimes deemed to be of limited use, due to either 
some process weaknesses, or to feedstock characteristics [5]. 
Several researchers reported that both anaerobic and aerobic 
processes were, to some extent, technologically challenging 
when it came to developing simple, sustainable and cost-
effective options due to process maintenance problems [6], 
[7], [8]. However, some scientific works have revealed that 
anaerobic or aerobic co-digestion might, to a certain extent, 
overcome the outlined issues in term of biological treatment 
performance, and simultaneously enhance the effectiveness 
of worldwide organic waste management [9], [10].

Starting with anaerobic co-digestion, the mixture of 
nitrogen-rich substrates such as food waste (FW) or manure 
and carbonaceous substrates nowadays attracts a great deal 
of attention, as it ensures an initial balanced C:N ratio, an 
improved buffer capacity, and highly-qualified AD-effluents 
in the form of Biogas and digestates [11], [12]. However, 
to unlock the sustainability of AD, it is crucial to exploit 
appropriately the generated AD effluents, particularly the 
digestate [13]. However, a significant selection of a suitable 
post-exploitation of the obtained digestate still remains lim-
ited due to environmental, economic and regulatory features 
[14], [15]. Indeed, AD-slurry was often utilized as a biofer-
tilizer to be directly spread out to the land [13], as a source 
of noteworthy nutrients to be extracted in a costly manner 
[16] or as a principal substrate to be thermally treated and 
transferred into biochar [17]. However, as previously men-
tioned, several challenges associated with the appropriate 
management of digestate have arisen. On the one hand, leg-
islative and environmental issues essentially due to strict EU 
regulations concerning ammonia emission, high moisture 
content and heavy metal content, poses problems for the 
selection of a suitable digestate post-treatment [18]. On the 
other hand, there are economic issues related to intensive 
energy consumption during digestate post-treatment [16], 
[19]. Consequently, AD-slurry post-utilization seems to be 
one of the fundamental aspects to be taken into considera-
tion as to whether or not anaerobic digestion is to be used.

When it comes to aerobic processes, blending different 
kinds of organics is beneficial to ensure well-balanced feed-
stock nutrients, adequate porosity, and more importantly, 
sufficient moisture content (MC) [20]. Given that the latter 
governs microorganism development by ensuring the trans-
fer of the soluble nutrients needed for microbial metabolic 
activity, MC is considered as a key factor which influences 
the performance of the entire process [21], [22]. Previous 
studies have reported that a notable drop in water content is 
a substantial indicator of efficient biodegradability [7], [23]. 
However, a strong dehydration of the compost matrix may 
inhibit the aerobic process, and hinder microbial activity 
[24], [25]. To this end, such an operational parameter should 
be carefully controlled and regulated, not only through the 

selection of rich-moisture feedstocks as well as the selected 
type of the composting process, but also by a continuous 
wetting. In fact, even if composting process is considered as 
a suitable option for organic waste recovery, particularly for 
developing countries due to the simplicity of the process, the 
significant water consumption during the composting might 
restrict its applicability, particularly in countries suffering 
from water shortage [26], [27].

As one such developing country, Tunisia suffers from 
both organic waste mismanagement and water scarcity. 
Indeed, in term of water shortage, Tunisia is classified as 
a water-stressed area, characterized by 486 m3 per capita 
of renewable water availability, which is below the average 
of 1200 m3 per capita for the Middle East and North Africa 
(MENA) regions [28], [29]. Regarding organic waste recov-
ery, only 5% of the total solid waste generated is dedicated to 
composting, while around 95% is landfilled, an aspect which 
requires particular consideration [30]. To this end, there is 
an urgent need to move towards a simple and sustainable 
organic waste management system which can cope with the 
current environmental and socioeconomic situation of the 
study area.

To sum-up, the present research work aims (1) to couple, 
as a dual technical process, anaerobic and aerobic digestion 
intending a sustainable and efficient exploitation of the gen-
erated digestates; In this approach, the collected digestates 
were entirely characterized (2) to select the most appropriate 
AD-slurry to be tapped as a potential unconventional MA 
reducing fresh water consumption and boost mainly aerobic 
treatments of FW in terms of composting performance; (3) 
to seek a sustainable alternative to treat simply and biologi-
cally, the organic residues generated abundantly by different 
sectors of activity in Tunisia.

Materials and Methods

Raw Materials

Over the course of the experimental work, the exploited 
organic residues were subjected to several processes such as 
conditioning, mixing, sampling and analysis. Starting with 
FW which was used as the main substrate for the in-vessel 
composting process, the residue was gathered from the can-
teen of the University of Rostock, Germany. However, as 
the experimental work was undertaken in Germany as part 
of the framework of «Renew_Value project» destined to be 
applicable in Tunisia, the selection of FW was rigorous in 
terms of being as similar as possible in terms of its composi-
tion to FW generated in the study area. FW mostly consisted 
of pasta, salad, a small amount of meat, and cooked potatoes 
and entirely characterized (Table 5). Once collected, it was 
conserved in small containers and stored at − 20 °C to avoid 
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any microbiological reaction. As a potential co-substrate, 
Wheat Straw (WS) was gathered from a farm in the vicinity 
of Rostock, after which it was chopped (< 10 mm) and stored 
in plastic airtight buckets kept at an ambient temperature. 
WS was added at a rate of 25% of the total fresh mass to 
enhance the initial C:N ratio of the compost matrix [31]. 
Furthermore, in accordance with previous research works, 
Mature Compost (Mc) that was obtained from a local com-
posting plant for treating garden waste was used as a bulking 
agent (BA) to ensure the necessary porosity and to sustain 
air spaces for oxygen transfer [23], [32].

Experimental Setup

The current research aimed to boost the recovery of FW 
combined with further kinds of organic residue generated 
from different activity sectors. During the experimental 
work, FW was subjected to consecutive biological treat-
ments: aerobic and anaerobic digestion (Fig. 1). However, 
the work was fundamentally divided into two phases and the 
current research work focused mainly on the second phase 
which concerned composting treatment. To this end, a 200 L 
laboratory-scale composter was used during the experimen-
tal work (Fig. 2). The composter is a stainless-steel vessel of 
a nominal inside diameter of around 700 mm and covered by 
a heat insulation layer to minimize heat losses. The airflow 
distribution is ensured by a metal grid with small holes fixed 
at the bottom of the vessel. The airflow was manually regu-
lated during composting using a gas flow meter. Regarding 
the leachate collection, it was achieved by a fixed valve at 
the conical bottom of the composter. For the temperature 

monitoring, temperature sensors (TIR1) and (TIR2) were 
attached at different depths to monitor the fluctuation of the 
compost temperature. Both the compost temperature and the 
ambient temperature variations were automatically logged 
every 10 min using ALMEMO® data logger system (Ahl-
born, German).

In addition to the oxygen supply, a performant aerobic 
treatment was ensured by an adequate proportion of MC, 
an adjusted C:N ratio, and an initial source of acclimated 
microorganisms. The amendment of composters with an 
acclimatized digestate (D) aimed to replace the amount of 
fresh water to be added during the biodegradation of the 
organic materials, and to allow the researchers to evaluate 
the effect of this on the process performance and on the end 
product quality [33]. In this approach, three digestates were 
generated from anaerobic reactors treating mixed substrates 
(Fig. 1, were entirely characterized to select later the most 
appropriate one to be subsequently exploited as an uncon-
ventional moisturizing agent added to FW-composters.

Two experimental trials were carried out to evaluate the 
impact of digestate addition on in-vessel FW composting. 
The composter was filled with around 56 kg of fresh mat-
ter. FW and Wheat Straw (WS) co-composting without any 
amendment (A1) was firstly conducted in duplicate, while the 
amended ones (A2) were then carried out to evaluate the diges-
tate addition effects. Before feeding the composter, organic 
materials, including the BA, were manually mixed, while the 
MA, either fresh water or AD-effluent, was added later in order 
to regulate the moisture content of the initial starting material 
to be in the required range of 55%–65%. As the maintenance 
of MC at a certain range during the composting process was 

Fig. 1   Conceptualization of the overall « Renew_Value » approach
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crucial, the amount of MA to be added (in litters) was deter-
mined to compare the consumption of digestate and water. 
In fact, MC fluctuations were assigned as an indicator point-
ing out the need to add further amount of MA. Otherwise, 
an estimated volume of both fresh water and digestate was 
determined from the beginning of the process referring to the 
initial feedstock mixture moisture content and the required MC 
range [20], [34]. Table 1 displays the trial ingredients and the 
composting time.

Sampling and Analysis

During the nine weeks of the experimental work, sampling 
was achieved at regular intervals to evaluate the evolution 
of the composting process. Weekly, three representative 
samples were taken and were either analysed directly or 
stored (4 °C and − 20 °C) for future analyses. Different 
parameters were determined in triplicate; and moisture 
content (MC) (%), total carbon (TC), total nitrogen (TN), 
pH, electrical conductivity (EC), total solid (TS) (%) and 

mineral nitrogen content, such as ammonium (NH4
+) and 

nitrate (NO3
−), were monitored. However, to determine 

the stability and maturity of the compost, the respiration 
activity (AT4) was identified at the end of the process. 
In addition, to assess the quality of the end product, the 
Heavy Metals content (HMs) was measured to be com-
pared with the quality requirements for the compost of 
several countries with regard to Pb, Cu, Ni, Zn, Cd, Cr, 
Hg and As concentrations. All the experimental protocols 
which were carried out were described in detail in a previ-
ous work [22][34] (Table 2).

Statistical Analysis

Statistical analysis was conducted using XLSTAT 2021 
with one-way analysis of variance (ANOVA) and the 
Tukey method with a probability level of 0.05 to evaluate 
the effects of digestate addition on MC, pH and C:N ratio 
tendencies.

Fig. 2   Schematic of the In-
Vessel composter

Table 1   Compost runs 
ingredients and duration of the 
process

Trials Raw input material Moisturizing Agent Initial weight Duration

FW (kg) WS (kg) Mc (kg) MA (L)

A1 FW: WS Water 23.7 13.7 19.3 9.7 37 days
A2 FW:WS Digestate 24.4 12.9 20.1 8.1 37 days
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Results and Discussion

Physio‑Chemical Properties of the Raw Materials

Criteria for Digestate Selection

Once the anaerobic treatment had been accomplished, the 
generated digestates were collected to be fully characterized. 
However, a comparison between the digestate properties 
was undertaken during the experimental work to evaluate 
whether the gathered AD-residues could be directly spread 
of land or needed further post-treatments. In fact, the feasi-
bility of anaerobic treatments depends significantly on the 
effectiveness of end-products uses. Therefore, to unlock the 
sustainability of anaerobic process, digestate-uses gain pro-
gressively attention [35]. To this end, the current research 
work investigated whether the generated AD-effluent met 
the required criteria to be efficiently exploited for agricul-
tural purposes. Accordingly, some physio-chemical proper-
ties were examined. This latter consisted predominantly of 
the capacity of the digestate to replace fresh water as an 
unconventional MA, thus the first parameter to be evalu-
ated was MC. Secondly, it is equally important to identify 
further critical factors influencing the composting progress 
such as pH and more particularly C:N ratio. Therefore, sev-
eral parameters were considered as efficient indicators, to 
check, on one hand, whether the collected AD-effluents 
could influence the effectiveness of the compost applied to 
agricultural land, and on the other hand, to assess the fea-
sibility of digestate post-treatment via composting. Table 3 
summarized the physio-chemical characteristics of D1, D2 
and D3 produced from R1 (FW + WS + CM), R2 (100% FW) 
and R3 (FW + UBc), respectively.

As one of the most important steering factors, MC was 
firstly identified, and a relatively high-water content of 

around 97% marked all the produced digestates. Therefore, 
as the generated AD-residues were characterized by almost 
the same water amount, further factors including pH and 
C:N ratio were additionally examined for digestate selec-
tion. Focusing on pH tendencies, pH values ranged around 
a neutral range for D1 and D2, which was beneficial for a 
direct digestate application to land, while an alkaline pH 
of around 8.53 marked D3 and made it less promoting to 
be instantaneously used. In fact, such a relatively high pH 
might intensify the ammonium emissions which limited the 
digestate-use and in turn, imposed a post-treatment [25]. 
However, it should be mentioned that the high pH value of 
D3 was expected due to the alkaline nature of the biochar 
added initially to the anaerobic reactors [36]. In the same 
context, Shen et al. (2016) depicted the significant impact 
of the woody derived biochar on AD by-products character-
istics, including pH value [37]. When it comes to C:N ratio, 
D3 was qualified by a high C:N ratio, while lower values 
marked D1 and D2 to be around 8.53 and 9.51, respectively. 
Indeed, the types of the mixed substrates feeding the anaero-
bic digesters influenced significantly the biodegradation rate 
of carbon and nitrogen during AD-process and impacted, 
in turn, the end-products characteristics [38]. For instance, 
both FW and CM are considered as nitrogen-rich materials 
implying the generation of digestates of a low C:N ratio 
[31], while the addition of a carbonaceous substrate such 
as biochar affected substantially the carbon rate of the AD-
residue to be around 47.60% of fresh matter [39]. As high 
heavy metal contents (HMs) are considered harmful to the 
environment and guidelines are usually established to illus-
trate the tolerated concentrations, much attention was paid 
to AD-effluents analysis in terms of HMs concentrations. As 
shown in Table 3, the examined heavy metal contents out-
lined that all the generated digestates met the requirement of 
the Standards of digestate (EU recommendations for 2025) 

Table 2   Physical and chemical parameter measurement of composting parameters and their corresponding standard methods

Parameter Frequency Method Reference

Moisture Content (MC) Each five days Using electronic oven for drying at 105 °C for 24 h NF ISO 11465 (1994)
Conductivity (EC) Each five days (1:10 w/v sample: water extract) NF ISO 11265 (1995)
pH Each five days ISO 10390 (1994)
Total Organic Carbon (TOC) Each five days TOC (%) = ((100 − Ash %) ÷ 1/8) [58]
Total Nitrogen (TN) Each five days titrimetric methods NF ISO 11265 (1995)
C: N Ratio Each five days Expressed as ratio of (TOC/TKN) % [58]
NH4

+ Each five days (1:5 w/v sample: water extract)
Ion chromatography

NF ISO 11048
NO3

− Each five days NF EN 10,304–1
Nitrification index Each five days Expressed as ratio of (NH4

+: NO3
−) [31]

Total P and K Start and end Atomic absorption spectrometric methods ISO 11885 (2007)
Respiration activity (AT4) At the end CO2 consumption by NaOH (1 N) DIN ISO 16072
Heavy Metals At the end Inductively Coupled Plasma-Mass Spectrometer, Thermo-

Elemental ICP-MS-X Series
ISO 11885 (2007)
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and in turn, can be safely spread directly to land or used for 
agricultural purposes.

To sum-up, the criteria used to select the appropriate 
digestate for further biological treatment were recapitulated 
in Table 4. Thus, all the key performance indicators outlined 
that D3 was the most suitable effluent, as it was character-
ized, on one hand, by a high pH preventing its direct appli-
cation to land in order to avoid GHGs emissions and on 
the other hand, by a high MC and more particularly a high 
C:N ratio promoting its exploitation during the composting 
process.

Properties of the Exploited Organic Wastes

The characteristics of the exploited organic materials are 
illustrated in Table 5. The moisture content was 77.4%, 

6.5%, 53.3%, and 96.7% for FW, WS, Mc and D3, respec-
tively. To meet the required range of MC, which is 55%-
65%, MA was added to each mixture to regulate the MC of 
A1 to A2 to 65.8% and 68.7%, respectively. The initial C:N 
ratio was examined for each substrate to ensure the required 
carbon to nitrogen ratio demanded by microorganisms for 
an efficient biological degradation of the organics. Several 
studies reported that the appropriate initial C:N ratio of the 
feedstock ranged between 20 and 40 [20][40][41]. This was 
achieved by both A1 and A2 at around 32.21 and 29.74, 
respectively. Additionally, the heavy metals and trace ele-
ments content were identified. Moreover, several physio-
chemical characteristics such as pH, conductivity (EC), 
potassium (K), phosphorus (P) as well as heavy metals, were 
investigated in order to guarantee an efficient development 
of the process. Similar physio-chemical characteristics of 
FW were achieved in previous work, characterizing initially 
FW collected from the refectory of different Tunisian uni-
versities and evaluating, as a further step, FW windrow piles 
composting [22].

Monitoring of Steering Parameters

Temperature Profile During the Composting Process

Temperature is one of the critical parameters allowing to 
evaluate the composting process progress. Therefore, tem-
perature fluctuations were continuously controlled. As 

Table 3   Physio-chemical 
characterization of the collected 
digestates vs Restriction for 
digestate agricultural uses

a FM: Fresh Matter
b TS: Total Solids. EU (2025): Standards of digestate (EU recommendations for 2025)

Parameters Units D1 D2 D3 Standards of digestate 
for agricultural use

References

pH – 7.79 7.67 8.53 [7, 8] [13, 15]
Conductivity (EC) mS/cm 6.12 5.23 11.72  ≤ 4 [15]

 ≤ 6.5 [13]
Moisture content (MC) % of 1FM 97.60 97.50 97.30 – –
Crude ash % of 2TS 36.40 32.30 44.10 – –
Carbon (C) % of FM 35.20 40.10 47.60 – –
Nitrogen (N) % of FM 3.70 4.70 3.20 – –
C:N ratio – 9.51 8.53 14.88 [9, 12] [13]

 ≥ 10 [15]
Phosphors (P) % of TS 4.17 3.87 4.91 – –
Potassium (K) % of TS 5.04 5.21 11.86 – –
Lead (Pb) (mg/ kg TS) 2.46 2.29 4.33 300 EU (2025)
Copper (Cu) (mg/ kg TS) 60.02 44.07 76.32 600 EU (2025)
Zinc (Zn) (mg/ kg TS) 223.41 167.55 285.07 1500 EU(2025)
Nickel (Ni) (mg/ kg TS) 9.00 6.48 10.08 100 EU (2025)
Cadmium (Cd) (mg/ kg TS) 0.38 0.35 0.72 2 EU (2025)
Arsenic (As) (mg/ kg TS) 1.76 1.70 2.32 – EU (2025)
Mercury (Hg) (mg/ kg TS) 0.09 0.07 0.02 2 EU (2025)

Table 4   Criteria of digestate selection as an unconventional moistur-
izing agent

C: more suitable for composting process; L: more suitable to be 
applied directly to land; CL: Both

Parameters
Digestate

Moisture 
content 
(%)

pH Conductiv-
ity (mS/
cm)

C:N ratio Heavy Met-
als (mg/ kg 
TS)

D1 CL L L CL CL
D2 CL L L L CL
D3 CL C C C CL
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reported by Torres-Climent et al. (2015), different phases 
of the composting process should be successfully fulfilled to 
ascertain the biodegradability of the inserted raw materials 
[42]. According to Fig. 3, the composting process seemed 
to be appropriately conducted. Starting with the thermo-
philic stage, the amended bioreactor (A2) showed a prompt 
rise of temperature by the third day, while the unamended 
test achieved it after five days of the experimental setup to 

reach 57 °C. Indeed, focusing on the temperature profile 
of A1, lower temperatures were recorded during the entire 
bio-oxidative stage comparing to A2. For instance, the first 
temperature peak was attained at day 9 to be around 63 
°C, while 67 °C was reached by A2 under almost the same 
experimental conditions. As the temperature variation is sig-
nificantly dependent on the development of the microbiolog-
ical population as well as the rate of biodegradability [43], 

Table 5   Physio-chemical 
characteristics of the used 
raw materials and the initial 
feedstock mixtures

a  FM: Fresh Matter
b TS: Total Solids

Parameters Units FW WS Mc D3 A1 A2

pH – 4.22 – 7.80 8.53 7.87 8.32
Conductivity (EC) (mS/cm) 5.71 – 3.29 11.72 4.77 9.01
Moisture content (MC) % of FM1 77.40 6.50 53.30 97.30 65.80 68.70
Total solids (TS) % of FM 22.60 93.50 46.70 2.70 34.20 31.30
Carbon (C) % of FM 47.7 47.63 22.50 47.60 41.23 39.87
Nitrogen (N) % of FM 2.60 0.61 1.60 3.20 1.28 1.34
C:N ratio – 18.35 78.08 14.06 14.88 32.21 29.74
Phosphors (P) % of TS2 0.48 0.06 0.52 4.91 – –
Potassium (K) % of TS 0.91 1.74 1.12 11.86 – –
Lead (Pb) mg/kg TS 0.91 0.21 20.63 4.33 – –
Copper (Cu) mg/kg TS 6.82 1.78 23.30 76.32 – –
Zinc (Zn) mg/kg TS 16.33 16.6 143 285.07 – –
Nickel (Ni) mg/kg TS 0.95 5.78 9.34 10.08 – –
Cadmium (Cd) mg/kg TS 0.07 0.08 0.26 0.72 – –
Arsenic (As) mg/kg TS 0.57 0.07 3.10 2.32 – –
Mercury (Hg) mg/kg TS  < 0.01  < 0.01 0.02 0.02 – –

Fig. 3   Temperature profile during the composting process
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the temperature profile of A2 ascertained the significant 
effects of the digestate addition on the composting perfor-
mance. Furthermore, on one hand, sustaining thermophilic 
temperatures is crucial for a complete decomposition of the 
composted materials, but on the other hand, it is essential 
to guarantee the disinfection of the end-products. For this 
purpose, MacLean (1990) found that maintaining the com-
post temperature between 55 °C and 65 °C for five days is 
sufficient for the elimination of pathogens [44]. Whereas, in 
the same context, BioAbfV (1998) criteria pointed out that 
for total inactivation of pathogens, the temperature has to be 
sustained at 55 °C for two successive weeks [22]. Hence, the 
sanitation of the produced composts collected from A2 and 
more particularly from A1 has to be under consideration to 
be deemed as hygienically acceptable end-product. Fulfill-
ing the thermophilic stage, a drop of temperature marked 
both A1 and A2. As shown in Fig. 3, the temperatures of 
the different trials decreased significantly to approximate to 
ambient temperature announcing the start of the maturation 
phase. Thereafter, a stable temperature pattern was recorded 
attesting the complete organic waste degradation in accord-
ance with the findings of Li et al., (2017) [45].

Moisture Monitoring Profile During the Composting 
Process

Moisture content (MC) is also considered as an important 
parameter governing the effectiveness of the composting 
process, a feature which has been regularly determined 
over the experimental period [20]. As a high MC of about 

97% marked the digestate, it promoted its exploitation as an 
unconventional MA [46]. When it comes to the unamended 
test, the adjustment of the initial MC, within the required 
range of about 55% -65%, was ensured by fresh-water addi-
tion which was not really practicable in Tunisia given that 
it is a semi-arid country suffering from water scarcity. Fig-
ure 4 showed that the initial MC of A1 and A2 was titrated 
at around 65% and 68%, respectively. During the first two 
weeks, a significant decrease in MC occurred in both A1 and 
A2, reaching 51% and 55%, respectively, by the end of the 
thermophilic phase. In fact, MC profiles were expected, as 
the first two weeks are usually dominated by acclimatized 
microbial community, and therefore a significant drop in MC 
was projected [47]. However, an enhanced water holding 
capacity marked A2 from the third week of the experimental 
work (p-value < 0.05). While, a considerable decrease in MC 
in the case of the unamended test was recorded and affirmed 
that a large amount of water was consumed [21]. Indeed, 
in terms of MA supplement, the volume of the digestate 
was 0.8 times lower than the volume of the potable water 
used, ascertaining the effectiveness of unconventional MA 
exploitation. However, the compost matrix wetting, either 
by fresh water or digestate addition, was ensured only from 
the beginning of the experimental work. In fact, there was 
no need to add MA whether the MC values were kept within 
the suitable range which was the case of both A1 and A2 
(Fig. 4). But it is noteworthy to mention, that the produced 
leachate was collected and recycled which might be use-
ful to sustain the MC in the required range. Furthermore, it 
was notable that, once lifting the lid of the bio-composter, 

Fig. 4   Moisture content evolution during the composting process
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some drops of water covered it which might be also consid-
ered to some extent as a kind of MA recycling. Hence, the 
technique of composting process, whether it is carried out 
as open windrows composting or in-vessel ones, impacted 
additionally the evolution of MC of the matrix, as it influ-
ences the evaporation rate of the MA [48]. Once the cooling 
phase occurred, an almost steady moisture tendencies were 
registered until the end of the composting trials; A1 and A2 
were qualified by a MC of 47.8% and 51.6%, respectively.

pH Profile During the Composting Process

The degradability of organic matter depends greatly on the 
tendencies of the various steering parameters—temperature, 
moisture and pH—which are to some extent intertwined. 
Therefore, pH variations were regularly monitored. At the 
beginning of the process, the recorded pH values for both 
the amended and the unamended reactors were almost alka-
line. Once the thermophilic phase began, Fig. 5 depicted 
that the pH profiles of A1 and A2 were almost the same, 
while the pH value deviations were to some extent different 
(p-value < 0.05). Indeed, an acidic tendency was recorded 
for A1 which was due to the biodegradation of carbona-
ceous substances, while the emission of CO2 led to an acidic 
pH [49]. Meanwhile, the amended digester A2 showed a 
minor variance of pH decreasing from 8.02 to 7.82 during 
the first two weeks of the composting process. This was due 
to the significant buffering capacity of the AD-effluent as 
an unconventional MA comparing to the added fresh water 
(A1) [48]. In addition, pH trends which were recorded dur-
ing A2-running might be a supplemental effects of the added 

biochar to AD-digesters to alleviate acid gas emissions [31], 
[39]. However, the unamended trial was characterized by 
a quasi-acidic pH of around 6.82, once the thermophilic 
phase was accomplished. Thereafter, a substantial rise of pH 
marked A1 to fluctuate within neutral ranges until the end of 
the process. In fact, the pH tendencies might be explained 
by the significant content of nitrogen supplied by the used 
feedstock (FW) which led to an intensive volatilization of 
the nitrogenous elements (NH3) [25]. The current results 
were in conformity with the results of several studies inves-
tigating the effect of digestate addition, or rather the biochar 
supplement on pH fluctuations [41] [13]. With the drop in 
temperature, the pH values of both A1 and A2 stabilized 
between 7 and 8, which satisfied the required conditions in 
terms of pH values [48].

Monitoring of Stability and Maturity Indicators

C:N Ratio Profile During the Composting Process

The C:N ratio is known to be one of the relevant key param-
eters that determines the status of the maturity and stability 
of the generated compost [45]. It was therefore monitored 
frequently to determine the progress of the microbial com-
munity of the different trials. The initial C:N ratio charac-
terizing the unamended and amended mixtures were 32.21 
and 29.74, respectively. In fact, this latter was not expected, 
as it was awaited that the addition of digestate will enhance 
to some extent the initial C:N ratio of A2. However, the 
relatively high C:N ratio which marked initially A1 com-
paring to A2 might be due to several reasons including, on 

Fig. 5   pH evolution during the composting process
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one hand, the effect of the relatively higher amount of a 
carbon-rich substrate such as WS to the amended bioreactor 
and, on the other hand, it might be a result of the notable 
amounts of FW and Mc which were initially characterized 
by quite low C:N ratios and added to the unamended one 
(Table 1). Focusing on C:N ratio tendencies, once the tem-
perature rose, it varied similarly for both A1 and A2. While, 
a significant drop marked the unamended test by the end 
of the thermophilic stage. Indeed, it might be due to the 
intensive degradation of the rapidly consumable materials 
such as FW achieved by the coexistent microorganisms and 
entailing high losses in terms of nitrogen and carbon. When 
it comes to A2, the amended vessels presented lower C:N 
ratio fluctuations (p-value > 0.05), followed by a quasi-stable 
C:N values to be around 25, as shown in Table 6. Thus, the 
revealed steadiness reflected a balanced degradation of car-
bonaceous as well as proteinaceous substances, which was 
due to the abundance of the microbial community provided 
by the digestate [50].

With the accomplishment of the thermophilic phase (day 
16), the identified C:N ratio of A2 seemed to be significantly 
higher than that of A1 to become quite close at day 21 of 
around 19.13 and 21.89 for A1 and A2, respectively. With 

reference to Casini et al., (2019), the recorded C:N ratio 
trends might be attributed to the high rate of carbonaceous 
component consumption during the first five weeks, as well 
as the lower nitrification rate which was in accordance with 
the current findings [39]. In the same context, Chaher et al., 
(2020) reported that a balanced utilization of nitrogenous 
and carbonaceous elements serves as an efficient indicator to 
point out the maturity of the end-product which was in line 
with the identified C:N ratios (at day 37) of both A1 and A2 
attaining 12.78 and 14.51, respectively [34].

Nitrification Index (NI) Fluctuations During the Composting 
Process

Similarly to the C:N ratio, the nitrification index (NI) which 
is the ratio between NH4

+ and NO3
−, is a well thought out 

indicator of compost stability [50]. Therefore, it was noted 
during the aerobic process to track the nitrogen transforma-
tion progress. Nevertheless, the type of exploited residue has 
a direct impact on the amount of nitrogen consumed by the 
microorganism’s present. It initially influences the nitrogen-
ammonification and subsequently the rate of nitrification 
[51]. Figure 6 illustrated that, for thermophilic temperatures 

Table 6   C:N ratio evolution 
during the composting process

Trial Duration Start Thermophilic phase Cooling phase End

Day 1 Day 6 Day 11 Day 16 Day 21 Day 26 Day 31 Day 37

A1 32.21 27.68 24.19 18.36 19.13 17.24 15.33 12.78
A2 29.74 27.45 26.17 24.33 21.89 19.56 17.22 14.51

Fig. 6   Nitrification index tendencies during the composting process
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(> 45 °C), the NI of the unamended test (A1) was signifi-
cantly higher than that of the second trial (A2), rising from 
7.12 to 12.66 for A1 and 5.89 to 10.44 for A2. This can 
be explained by the initial alkaline pH of the biochar-rich 
digestate used, as well as its potential for enhancing the 
nitrogen conversion [11]. Indeed, the AD-residue promoted 
the formation of NH4

+ and raised the NO3
− leaching in the 

A2 trial which led to a balanced NI compared to the A1 trial 
[52]. In addition, the considerable drop in NI which marked 
the amended trial might be due to the intensified number of 
bacteria and archaea present in the digestate [53]. Several 
researchers have reported that lower nitrogen losses occur 
whenever the digestate is composted because of the abun-
dancy of microorganisms consuming the available organic 
matter, which was in line with the current findings [54], [55]. 
On attainment of the cooling phase, the amended and una-
mended bioreactors illustrated a progressive decline in NI to 
be close of 3 at the end of the process. This latter indicated 
the maturity of the compost produced from both A1 and A2 
with reference to Örtl (2018) [15].

Respiration Activity (AT4)

The respiration activity (AT4) was also examined to evalu-
ate the stability of the end-product generated by each bio-
reactor. Low values of AT4 were found for both A1 and A2 
in the form of 4.06 and 3.43 (mg O2 /g TS), respectively, 
and confirmed that no more biodegradation would occur 

[56]. To this end, referring to German Standards, the sta-
bility of all the analyzed compost samples indicated that 
they should be categorized as class V compost.

Monitoring of End‑Product Quality Indicator: Heavy 
Metals Contents vs Compost Standards

The heavy metals (HMs) measurement of the end products 
was based on the quality limits for agricultural use of sev-
eral countries in Europe, Germany, the UK, France as well 
as Canada and Tunisia. Table 7 summarizes the specifica-
tions with regard to seven HMs (Pb, Ni, Cu, Zn, Hg, Cr 
and Cd) for both A1 and A2. It was notable that the rate of 
HMs for A2 was higher than that for A1, especially in the 
case of Zn which attained 80.20 for the unamended trial 
and 120.41 mg/kg TS for the amended one. Indeed, the 
significant amounts of metal components which marked 
A2 were predicted by the initial rate of HMs provided by 
the digestate as described in Table 5. However, despite the 
remarkable content in terms of HMs, A2 met all the laws 
applicable in several countries, and the product was clas-
sified as a Class A biofertilizer based on German Stand-
ards [57]. Additionally, Table 8 shows that the compost 
gathered from A1 was categorized as Class B based on 
the German standards, and illustrated that both amended 
and unamended reactors generated high quality end prod-
ucts. Admittedly, the main organic residues exploited 
were characterized by low rates of HMs which affirmed 
the outlined quality of the biofertilizer produced by the 
unamended composter, but initially a slight uncertainty 
arose due to the addition of the AD-liquid effluent. Indeed, 
several works have focused on the feasibility of digestate 
recovery for agricultural benefits, and have highlighted 
that the inputs of AD-effluents in terms of HMs restrict its 
effectiveness [14] (Table 9).

Table 7   Classification of the compost samples according to German 
standards based on AT4 analysis

The class of compost AT4 (mg O2 /g TS) Product description

I  > 40 Compost raw materials
II 28–40 Fresh compost
III 16–28 Fresh compost
IV 6–16 Finished compost
V  < 6 Finished compost

Table 8   The limits of total 
metal content (mg/kg total solid 
(TS)) regarding the standards of 
certain countries

HMs Samples Standards

A1 A2 Tunisia UK France EU Canada Germany

Class A Class B

Lead (Pb) 11.93 14.40 180 200 180 120 150 150 100
Copper (Cu) 28.50 35.01 300 200 300 300 400 100 70
Zinc (Zn) 80.20 120.41 600 400 600 800 700 400 300
Nickel (Ni) 29.90 32.50 60 50 60 50 62 50 35
Cadmium (Cd) 0.26 1.41 3 1.5 3 1.5 3 1.5 1.0
Chrome (Cr) 57.49 81.30 – 100 120 100 210 100 70
Mercury (Hg) 0.01 0.04 2 – – 1 – 1.0 0.7
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Evaluation of Amended Digestate Effect on FW 
Composting

The above results show that both A1 and A2 produced sta-
ble, mature and high-quality composts in terms of several 
indicators. However, a Class B compost was generated 
from the amended FW in-vessel composter. Indeed, the 
addition of the biochar-rich digestate influenced not only 
the biofertilizer characteristic, but also the efficiency of 
the aerobic process. Table 8 summarizes all the obtained 
results and compares the situation of A1 and A2.

Conclusion

The current findings revealed that FW in-vessel compost-
ing process exploiting digestate gathered from biochar 
enriched anaerobic reactors presented boosted the com-
posting process in terms of stability, maturity and end-
products quality. Indeed, the tendencies of various steering 
parameters such as temperature, moisture and pH as well 
as the stability and maturity indicators, pH, C:N ratio and 
NI ascertained the efficiency of the AD-effluent addition in 
terms of FW aerobic treatment performance. Furthermore, 
the identification of the respiration activity (AT4) ascer-
tained that low biological activity took place by the end 
of the process and confirmed that the generated composts 
meet the imposed German Standards in terms of stabil-
ity. As the outcomes of the current research work will 
be exploited later as a guidance serving decision makers 
to convey sufficient technical detail to design biological 
facilities, results affirmed that AD-effluent was efficiently 
converted from an output hardly managed, to an input 
comfortably recovered by reducing the consumption of 
fresh water and enhancing simultaneously the composting 
process performance.
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