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Abstract
This study presents the results obtained in compostability tests of organic fraction of municipal solid waste (OFMSW) diges-
tate. The final aim was to obtain mature compost without phytotoxic effects. For the evaluation of the composting process, 
a novel parameter describing the performance of the composting process, the relative heat generation standardized with the 
initial volatile solid content (RHGVS0), was defined and evaluated at laboratory-scale. From these laboratory-scale test, the 
optimum operational conditions were obtained, a mixing ratio (v/v) of 1:1:0 (bulking agent:digestate:co-substrate) and with 
15% of mature compost as inoculum. Subsequently, these optimum operational conditions were applied in the active phase 
of the composting pilot-scale reactor. The active composting stage took 7 days, subsequently a curing phase of 60 days was 
carried out at ambient conditions. After 30 days of curing, the mature compost showed a specific oxygen uptake rate (SOUR) 
of 0.14 mg O2/g VS·h, a germination index (GI) of 99.63% and a low volatile fatty acids (VFA) concentration (41.3 AcH 
mg/kgdm), being indicative of the good compost stability and maturity of the compost. The very good quality of the final 
compost obtained indicated that the RHGVS0 accurately describes the performance of the composting process.

Keywords  Digestate · Germination index (GI) · Organic fraction municipal solid waste (OFMSW) · Relative heat generated 
(RHG) · Specific oxygen uptake rate (SOUR)

Abbreviations
DM	� Dry matter
GI	� Germination index
ICP-MS	� Inductively coupled plasma mass spectrometry
MSWs	� Municipal solid wastes
OFMSW	� Organic fraction of municipal solid waste
OM	� Organic matter
RHG	� Relative heat generation
RHGVS0	� Relative heat generation standardized with the 

initial volatile solid content

SOUR	� Specific oxygen uptake rate
TEM	� Temperature method
TKN	� Total Kjeldahl nitrogen
VS	� Volatile solid
VFA	� Volatile fatty acids

Introduction

In Europe, about 502 kg of municipal solid wastes (MSWs) 
was generated per capita in 2019 [1]. According to the 
European Environment Agency, the biowaste fraction of 
the MSWs represents more than 34% of the total amount, 
accounting the biomass waste production about 86 million 
tons in 2017 [2]. Therefore, the adequate treatment of these 
biowastes is an important component of any integrated solid 
waste management strategy, mainly because it could reduce 
the toxicity and volume of the MSWs requiring final dis-
posal in a landfill.

Biological treatment of the organic fraction of munici-
pal solid wastes (OFMSW) offers a sustainable waste treat-
ment strategy combining waste stabilization with nutrient 
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or energy recovery where the end-product could be used 
for soil applications [3, 4]. These biological treatments can 
be accomplished under anaerobic or aerobic conditions, 
mainly by anaerobic digestion/fermentation or composting, 
respectively [5, 6]. The applications of these technologies 
are widely used in the municipal waste management of Euro-
pean countries due to several reasons [7]. These include: 
the requirements of the EU Landfill directive (99/31/EC) 
[8]; Framework directive (2018/851/EC) [9] and the need 
for alternative and energetically more efficient routes than 
incineration for the recovery of value from wastes such as 
municipal waste (2009/28/EC) [10].

Anaerobic digestion can be used for the treatment of 
OFMSW with the additional benefit of energy recovery, 
producing a solid product for crops applications [11]. This 
end-product is called digestate: it is the by-product of anaer-
obic digestion or bio-hydrogen of organic wastes. Depending 
on the technology applied, the digestate could be a solid or 
liquid material. The liquid digestate contains less than 15% 
Dry Matter (DM) content, while the solid digestate contains 
a highest DM percentage. The digestate contains a high pro-
portion of mineral nitrogen, especially in the form of ammo-
nium which is available for plants. Moreover, it contains 
other macro and microelements necessary for plant growth. 
Therefore, the digestate could be a useful fertilizer for crop 
plants. In addition, the organic fractions of digestate can 
contribute to soil organic matter turnover, influencing the 
biological, chemical and physical soil characteristics [12]. 
Unfortunately, anaerobic digestate in its basic form may not 
be a suitable soil conditioning because its phytotoxicity [13], 
viscosity, odor, difficult handling and soil application tech-
niques require complex and expensive machinery [14]. In the 
literature, the VFA have been refereed to be responsible for 
phytotoxicity and plant growth suppression when immature 
compost is used for growing plants [15]. Because of that, the 
use of digestate as a fertilizer is governed by regulations and 
standards that protect animal and human health as well as the 
quality of crops [14]. Furthermore, anaerobic digestate may 
pose health risks for animals and humans [16].

Because of these reasons, the anaerobic digestates require 
treatments to enhance their fertilization potential and appli-
cability as a soil conditioner [17] being one of the best 
options to improve the digestate quality by means of the 
composting [18].

Composting treatment of OFMSW digestate presents 
low operational and investments costs, at the same time that 
offers material valorization as compost for soil application 
[16]. The composting process is an aerobic biological pro-
cess which uses naturally occurring microorganisms to con-
vert biodegradable organic matter into a humus-like product 
[16, 19]. At the same time, the composting process destroys 
pathogens, converts unstable ammonia nitrogen into stable 
organic nitrogen forms, reduces the volume of waste and 

improves the nature of the waste [20, 21]. Hence, the com-
posting of the anaerobic digestate could be a solution to the 
problems caused by the direct application of the raw diges-
tate in soils. The effectiveness of the composting process is 
influenced by factors such as oxygen supply (i.e., aeration), 
moisture content, pH (related to Volatile Fatty Acids), C:N 
ratio, temperature, particle size and degree of compaction 
[22, 23]. The addition of microorganisms, bioaugmentation, 
can accelerate the rate of the composting process and pro-
mote the biodegradation of the organic matter. In the litera-
ture, the benefits of bioaugmentation have been described 
by different researchers [24, 25]. In addition, the addition of 
bulking agents is another important factor for the optimum 
operation of the composting process, because it provides 
the optimum free air space and regulates the water content 
of the waste to be composted [26, 27]. In this sense, the size 
of the bulking agent is very important for the optimization 
of the process. In the literature, Gea et al. (2007) obtained 
the optimal values of bulking agent particle size: 0–5 mm 
[28, 29]. After a proper composting of the digestate, the 
maturity and stability of the final product can be reached 
[30–33]. To enhance the composting process performance, 
the digestate could also be co-composted with fresh and/or 
partially stabilized organic waste [32]. Unfortunately, co-
composting of digestate has not been significantly inves-
tigated in the literature and there is much to learn about 
the process [31, 32]. The potential advantages of co-com-
posting digestate and OFMSW could be the improvement 
of the physico-chemical characteristics of the final compost 
obtained [32, 33]. Another interesting variable to investigate 
is the amount of inoculum that should be added to obtain 
an optimum composting performance [32]. The inoculation 
with mature compost is more convenient when compared 
with direct microbial inoculation because it is more eco-
nomically convenient and supply an adapted mixed culture 
avoiding acclimatization stages.

Composting processes can be developed in open or closed 
systems. In general, closed systems allow to a better con-
trol of composting conditions and a reduction of process-
ing times. Anyway, most composting processes involve the 
development of an active phase inside the reactor, under 
thermophilic conditions (50–70 °C) [29], and a subsequent 
curing phase. The composition, stability and maturity of 
the final product depend largely on how the process is con-
trolled, rather than in the technology used. In addition, the 
number of phytonutrients available depends on the origi-
nal content in the starting raw materials, but also on the 
transformations taking place along the composting process. 
Usually, the concept of maturity is used as synonymous with 
stability. But this is not correct because maturity is defined 
as the degree of absence of phytotoxic compounds, whereas 
the biological stability can be defined as the state in which 
the organic matter contained in the substrate is kept under 
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optimal conditions, showing a negligible microbiologi-
cal activity [34, 35]. In the literature, different parameters 
have been used to evaluate the heat generation as indirect 
performance parameter of the composting process. The 
main parameters are described hereunder. The tempera-
ture method (TEM) monitored the temperature along the 
composting process without taking into account the time 
scales and the amount of composting mass. A modification 
of this method is the relative heat generation (RHG). In this 
method, the temperatures of the compost and the environ-
ment are monitored along the experiment [36]. The integral 
along the experiment of the temperatures difference, meas-
ured as °C day, is defined as the RHG. The RHG takes into 
account the time scale, but unfortunately does not take into 
account the composting mass. The Heating Value (HV) is 
defined as the amount of energy released per kg of mass and 
usually measured as MJ/kg. The HV is usually obtained in 
calorimeters [36, 37]. Unfortunately, the calorimeter is an 
expensive and sophisticated setup, and the procedure is time 
consuming [37]. The main drawbacks of this procedure are 
that the result does not inform about the time scale and that 
it is referred to all the composting mass, overlooking the 
biodegradability of the different fractions contained in the 
composting mass. Considering all the possible advantages 
and drawbacks of the previously defined parameters, a novel 
parameter, related to the heat generated, has been defined in 
this work. This parameter, named relatives heat generated to 
initial volatile solids (RHGVS0), deals with the heat gener-
ated taking into account not only the heat generated, but also 
the time scale and the initial biodegradable material. This 
parameter has been used to study the impact of the mixing 
ratios as well as the inoculum, in laboratory-scale compost-
ing processes.

In this context, the aim of this work was to study, at lab-
scale, the optimal mixing ratios and amount of inoculum 
using the RHGVS0 as performance index, being the main 
aim to reduce the initial VFA concentration of the digestate 
to non-toxic levels. Subsequently, a pilot-scale composting 
process was carried out and the quality of the final compost 
obtained was evaluated for agricultural purposes according 
to the Spanish regulations.

Materials and methods

Experimental setup

Laboratory‑scale tests

The laboratory-scale composting tests were performed in 
1.5 L Dewar® vessels (KGW-Isotherm, Karlsruhe, Ger-
many) conditioned for composting by placing a perco-
lating plate in the bottom. The percolating plate allows 

to keep the solid material to be composted independent 
of the possible leachate generated. The Dewar® vessels 
were equipped with thermocouple sensors to measure the 
internal and ambient temperatures. In addition, the vessels 
present sampling gas port to evaluate the oxygen level in 
the solid mass to be composted. More information related 
to this setup can be found in the literature [28]. A scheme 
of the setup is presented in Fig. 1.

The vessel was filled up to 2/3 of its capacity with the 
mixture to be tested, being the remaining 1/3 of volume 
the headspace for the gas phase. The oxygen concentration 
in the gas phase was periodically determined by an oxygen 
probe (Model XP-204, Eijkelkamp Company, The Neth-
erlands). The oxygen probe was connected to a controller 
with the aim to ensure oxygen concentrations higher than 
10% in the gas phase throughout the composting tests, as 
recommended in the literature [28]. The temperature sys-
tem consisted of a data logger (Testo 175-T2, Lenzkirch, 
Germany) with a dual-channel temperature probe inserted 
into the compost matrix. The data logger registered the 
temperature evolution in both channels every 30 min. To 
ensure the reproducibility, the different experiments were 
carried out by duplicate. The obtained results were used 
for the calculation of the RHG measured as °C·d, which 
was obtained using the Simpson integration method [38]. 
Then, the RHG was normalized in terms of the percentage 
of initial biodegradable volatile solids (RHGVS0) by divid-
ing the obtained RHG by the initial volatile solids (VS) of 
the sample and measured as °C·d/kg VS0. This parameter 
has been used as performance index of the composting 
lab-scale tests.

Fig. 1   Scheme of the laboratory-scale 1.5 L Dewar® vessels. (1) Tem-
perature probe to data logger, (2) Gas port to oxygen sensor, (3) Ther-
mal insulation, (4) Percolated plate. A Composting volume, B Lea-
chate collection
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Composting pilot‑scale reactor and maturation process

The reactor used for the composting process was designed 
and built at the University of Cadiz.

The pilot-scale setup consisted of a static bed reactor with 
a total volume of 50 L (70% working volume). The walls 
were thermally isolated with polyurethane foam to avoid 
heat losses. A percolating plate was fitted over the bottom 
of the reactor to support the solid material [39]. The reac-
tor had two inlets at the bottom: an orifice to introduce air 
with an air compressor and another with a valve for lea-
chate removal. Six more inlets were located at the top cover; 
four to insert temperature probes (Pt-100, SR-NOH-Desin, 
Spain) which were placed at different heights of the com-
posting matrix and gas phase, and the other two to measure 
the oxygen concentration in the head space and for pressure 
relief and gas excess evacuation. Two additional temperature 
probes (Pt-100, SR-NOH-Desin, Spain) were installed. One 
of them was located on the wall, to evaluate the temperature 
gradients of the reactor, and the last one was used to regis-
ter the ambient temperature. Supervisory control and data 
acquisition systems software (SCADA) was used to control 
the temperature and oxygen level during the active compost-
ing phase. A scheme of the composting pilot-scale reactor 
can be seen in Fig. 2.

The control strategy on the reactor was based on the air 
flow-rate introduced due to its direct effect on the oxygen 

availability for the bio-oxidative processes and, therefore, on 
the temperature of the composting matrix. An air flow-rate 
below the composting process requirements would lead to 
oxygen mass transfer limitations and anaerobic conditions, 
which could slow down and even stop the composting pro-
cess. On the contrary, an excessive air flow-rate would cause 
the cooling of the mass and moisture loss which could lead 
to a slowdown of the composting process.

Therefore, the air flow-rate control is required to ensure 
optimum conditions for the composting process. The control 
system used in this work ranged from 0.3 to 3 L air/min·kg 
VS0. On the one hand, low flow-rates were used to provide 
the oxygen required to avoid anaerobic conditions or mass 
transfer limitations during low oxygen requirement stages 
in the reactor, i.e., start-up of the composting process and 
temperature drop period at the end of the active phase. On 
the other hand, high flow-rates were used to ensure an extra 
oxygen supply to allow the increase of the temperature and 
to fulfill the requirements due to an increasing metabolic 
demand by the microorganisms. These flow-rate levels were 
controlled by automatized valves activated/deactivated by 
the control system. In the literature, similar flow-rates have 
been used. Wiley and Pierce (1955) developed an airflow 
control system in function of the temperature for an agi-
tated vessel in a very wide range of flow-rate values applied 
for municipal waste composting (0.34–1.10 L air/min·kg 
VS0) [40], this range was also ratified by the other authors 

Fig. 2   Scheme of the 50  L composting reactor used: (1) Inlet air-
flow, (2) Percolated plate and leachates collection, (3) Leachate outlet 
valve, (4) Composting volume, (5) Reactor with thermal insulation, 

(6) Temperature probe at different heights, (7) Gas port for oxygen 
measurement, (8) Sampling point at different heights, and (9) Gas 
venting
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[41]. Lau et al. (1992) determined, as optimum flow-rate 
for swine waste, a range between 1.0 and 2.0 L air/min·kg 
VS0 [42]. Other researcher, Hong et al. (1983), concluded 
that, for dairy cattle manure with crop and forest residues, 
the maximum decomposition rate occurred with an aeration 
flow-rate between 0.87 and 1.87 L air/min kg VS0 [43]. The 
temperature set point actuating over the air flow-rate level 
was 55 °C. This value was the average temperature of the 
composting mass sensors. In addition, this action can be 
activated by a low oxygen level alarm, below 11% of oxy-
gen in the gas phase. Finally, a curing phase took place in 
a slotted box with manual mixing twice a week during the 
maturation stage, 60 days. The temperature profile was also 
monitored throughout the curing phase.

Substrates and mixtures used

Digestate from a OFMSW bio-hydrogen process for bio-
hydrogen obtention was used as the main substrate and raw 
OFMSW was used as co-substrate. The inoculum was taken 
from a composted OFMSW. Finally, wood chips were used 
as bulking agent. The physico-chemical characteristics of 
these raw materials are shown in Table 1.

The bio-hydrogen digestate was obtained from an aci-
dogenic laboratory-scale reactor fermenting OFMSW to 
produce bio-hydrogen at a solid retention time (SRT) of 
6.6 days. The solid–liquid separation to obtain the diges-
tate was carried out by means of gravity filtration through 
Teknofanghi® filter bags. The solid fraction, concentrated 
digestate, showed a moisture content slightly higher than the 
optimum conditions for the composting process. Therefore, 
the concentrated digestate was dried at room temperature 
until the optimum moisture value, between 40 and 50%, was 
reached. As can be seen on Table 1, the digestate presented 
a high VFA concentration. The VFA are known to be phy-
totoxic when they are directly applied on the ground [44].

As co-substrate, raw OFMSW was used. The role of 
the co-substrate is to enable the proper development of the 
composting process and allowing the degradation of the 
substrates contained. Co-substrates are usually required to 
avoid toxic or inhibitory initial concentrations as well as to 

compensate the carbon to inorganic elements ratio [32, 33, 
45].

The bulking agent used was wood chips from a carpen-
ter’s workshop. One factor to consider is the particle size of 
the bulking agent because it influences the porosity of the 
final mixture. In previous compostability studies carried out 
with the same bulking agent, it was observed that the best 
results were obtained when operating with a particle size 
fraction smaller than 5 mm [28]. Hence, this particle size 
was used in the present study.

As inoculum, OFMSW mature compost was used. The 
inoculation accelerated the starting phase because it contains 
adapted microbiota. Concerning the adapted microbiota, it 
must be highlighted that it is important to use as inoculum 
mature compost with similar characteristics to the main 
substrate to avoid adaptation issues [32, 33, 45]. For this 
reason, OFMSW compost from an industrial facility (“Las 
Calandrias” located in Jerez de la Frontera, Spain) was used. 
A screen fraction (< 5 mm mesh) was used to obtain a homo-
geneous fraction. The stability degree of the mature compost 
used as inoculum was assessed through a self-heating test 
following the procedure described in the literature [46].

To evaluate the best combinations of bulking agent, diges-
tate, co-substrate and inoculum, nine different composting 
lab-scale experiments were carried out. Composting tests 
without and with inoculum (percentage of 15 or 20%), with 
different bulking agents, digestate and co-substrate ratios 
(v/v) of 1:2:0, 2:1:0, 1:1:0, and 2:1:1 were studied. Table 2 
presents the mixtures used in the lab-scale composting tests 
carried out. The different mixture ratios were selected to 
study its influence on the overall development of the com-
posting process. Once finished the study, the optimum lab-
scale operating conditions were selected. Subsequently, 
these optimum operating conditions were implemented in 
a pilot-scale composting process.

Analytical methods

Measurements of moisture, organic matter, carbon and total 
Kjeldahl nitrogen (TKN) for the characterization of the sub-
strates were carried out according to “standard methods” 

Table 1   Main characteristics of the substrates used

SD Standard deviation

Substrates Moisture (%)
(SD (%))

Organic matter 
(d.m.) (%)
(SD (%))

C total (d.m.) (%)
(SD (%))

TKN (d.m.) (%)
(SD (%))

C/N ratio Total VFA 
(mg AcH/
kgdm)
(SD (%))

Digestate 57.56 (2.14) 42.38 (2.65) 20.58 (1.12) 0.75 (0.20) 27.40 7200.0 (7.38)
Co-substrate 43.78 (2.98) 60.47 (2.95) 35.07 (1.84) 1.50 (0.22) 23.38 436.2 (5.29)
Bulking agent 20.28 (2.21) 99.43 (2.31) 57.67 (2.45) 0.12 (0.01) 480.5 –
Inoculum 55.56 (1.24) 55.62 (1.61) 32.26 (1.63) 1.52 (0.32) 21.22 –
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(APHA, 1989) [47]. Individual VFA levels were determined 
by gas chromatography (SHIMADZU GC-17A, Shimadzu 
Corporation, Kyoto, Japan) with a flame ionization detec-
tor and a capillary column filled with Nukol (polyethylene 
glycol modified by nitro-terephthalic acid) [48].

Along the maturation stage of the compost, the biogermi-
nation and respirometric tests were performed to assess the 
degree of maturation and stabilization. The biogermination 
and the respirometric tests were performed according to the 
methodology previously described in the literature [49–51]. 
The stability degree of the obtained compost was evaluated 
in the curing phase by determining the specific oxygen 
uptake rate (SOUR). These respirometric tests were carried 
out using an OxiTop® (WTW, Weilheim, Germany). The 
OxiTop® system uses a pressure sensor that allows for the 
determination of the pressure drop in the gaseous phase. To 
perform these measurements, representative samples were 
taken along curing process. The SOUR (mg O2/g VS·h) was 
determined using the following equation:

where Smax is the maximum oxygen uptake (mg O2/L·h), 
V is the volume (L), m is the sample mass (g), TS is the deci-
mal fraction of total solids, and VS is the decimal fraction 
of volatile solids.

In addition, heavy metals concentration was evaluated to 
check the possible agronomic application of the final com-
post according to the Spanish legislation (R.D. 506/2013 
and R.D. 865/2010) [52, 53]. To do that, the compost was 
dried at 60 °C and subjected to acid digestion with a micro-
wave digester to determine the different metals’ concentra-
tion through inductively coupled plasma mass spectrometry 
(Model X7 Thermo Elemental; Thermo Electron Co., Bev-
erly, USA).

SOUR =

|
|Smax

|
| ⋅ V

m ⋅ TS ⋅ VS

Results and discussion

The main innovation proposed in this work is the defini-
tion of a novel performance index of the composting pro-
cess. This novel parameter is based on the normalization of 
the RHG to the percentage of initial volatile solids (VS0) 
in the sample and named RHGVS0. This parameter relates 
the composting rate, indirectly measured as heat generation, 
with VS0 of the composting mass. In this case, the VS0 come 
from easily biodegradable substrate contained in the bio-
hydrogen digestate and the co-substrate. The VS from the 
chips, used as a bulking agent, were not taken into account 
since it is considered as a hardly biodegradable material in 
the active composting period [54].

Bio‑hydrogen digestate characterization

In the first stage, the bio-hydrogen digestate was character-
ized with the aim to evaluate its potential agronomic valori-
zation. The results obtained from the characterization are 
presented on Table 1. In this table, it can be seen that the 
direct agronomic use of the bio-hydrogen digestate is not 
viable due to its high VFA concentration. The VFA con-
centration of the raw bio-hydrogen digestate, 7200 mg/kgdm 
expressed as AcH, was much higher than the concentration 
considered as phytotoxic by some authors [15, 44, 54–56] 
and within the highest range (4000–10,000) as described 
in the literature [57]. In the literature, it has been described 
that VFA levels as low as 500 mg/kgdm present phytotoxic 
effects on plant seedlings [55], a value 14 times lower than 
that found in the bio-hydrogen digestate used in this work. 
De Vleeschauwer et al. (1981) observed that acetic acid, 
at 300 mg/kgdm, inhibited the growth of cress seed (Lepid-
ium sativum L.), a value 24 times lower than that found in 
the digestate of this study [44]. Similar results have been 
described in the literature by Keeling et al. (1994) [56].

Table 2   Mixtures used in the laboratory-scale compostability studies

Materials Mixtures
(Bulking agent:digestate:co-substrate (OFMSW)) + (% inoculum) v/v

Exp. Nº1 Exp. Nº2 Exp. Nº3 Exp. Nº4 Exp. Nº5 Exp. Nº6 Exp. Nº7 Exp. Nº8 Exp. Nº9

(2:1:0)
+ 0

(2:1:0)
+15

(2:1:0)
+20

(1:1:0)
+ 0

(1:1:0)
+15

(1:1:0)
+20

(1:2:0)
+15

(2:1:1)
+ 0

(2:1:1)
+ 15

Bulking agent 
and digestate

2:1 X X X – – – – X X
1:1 – – – X X X – – –
1:2 – – – – – – X – –

Co-substrate No X X X X X X X – –
Yes – – – – – – – X X

Inoculum (%) – X – – X – – – X –
15 – X – – X – X – X
20 – – X – – X – – –
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Laboratory‑scale composting tests

Different compostability experiments were performed using 
different mixing ratios and amount of inoculum. From these 
experiments, the optimum mixing ratios and amount of inoc-
ulum were selected. The parameter RHGVS0 was used as 
performance index of the tests. To determine the RHGVS0, 
the Simpson method for numeric integration was applied 
to integrate the vessel and the ambient temperature profiles 
during the length of the experiments. The difference between 
both temperature areas was considered to be the net value of 
RHG. Then, the RHG was divided by the initial VS concen-
tration to obtain the RHGVS0.

As example, Fig. 3 shows the evolution of both tem-
peratures for the two assays performed with mixing ratio 
1:1 (chip:digestate) with inoculum (a) and without inocu-
lum (b). As can be seen in this figure, the higher tempera-
ture evolution was obtained by the tests carried out with 
inoculum, reaching a maximum value of 35 °C, whereas 
the non-inoculated test reached a maximum temperature of 
only 29 °C. The temperature peak of the inoculated test was 
maintained during a longer period of time, leading to a sig-
nificantly higher heat generation. This heat generation can 

be explained by the microbial metabolisms taking place in 
the composting pile [58]. In addition, the steady temperature 
maintained after the temperature peak was also higher in the 
inoculated pile, 29 °C, whereas in the non-inoculated this 
temperature was 26 °C due to the lower metabolic activity 
observed during the active phase [59]. Hence, the applica-
tion of a 15% v/v inoculum presented a better performance 
in the composting process which only could be explained by 
the faster conversion rate due to the higher inoculum con-
centration in the composting pile [59].

The laboratory-scale composting study was carried out in 
2 stages. In the first stage, the influence of the co-substrate 
and the inoculum mixing ratios was studied. The experi-
ments were carried out at different inoculation percentages 
and at mixing ratios (chip:digestate:co-substrate) of 2:1:0 
and 2:1:1. The results of the RHGVS0 obtained in these 
experiments are shown in Fig. 4.

Regarding the contribution of the co-substrate, it can be 
observed in Fig. 4 that the RHGVS0 obtained when adding 
co-substrate was lower in all the cases. These results indicate 
that the addition of the co-substrate, in the range studied in 
this work, reduced the performance of the composting pro-
cess. Regarding the inoculum, in principle, a higher inocu-
lum addition should lead to a faster conversion rate due to 
the higher concentration of active microorganisms. However, 
in this study, the best results were obtained when operat-
ing with a 15% inoculum, presenting a maximum value of 
19.09(± 1.48) for RHGVS0 when operating with the mixture 
2:1:0 and an inoculum of 15%. On the one hand, the possible 
explanation for the higher performance index observed when 
operating without co-substrate could be the reduction of the 
C/N ratio observed. As can be seen in Table 1, the lower 
C/N ratio of the co-substrate could lead to C/N ratios far 
from the optimum values, around 30, reducing the perfor-
mance of the process [60]. These results are in accordance 
with results previously described in the literature [54]. On 
the other hand, the lower performance when increasing the 
inoculum over 15% could be caused composting by-products 
inhibition or the reduction of the moisture [61–63].

Then, in a second stage, the effect of an increase of diges-
tate proportion was evaluated performing additional tests 
with mixtures 1:1:0 (bulking agent:digestate:co-substrate) 
and different inoculum percentages (0, 15 and 20%). In 
addition, a mixture 1:2:0 with a 15% inoculum was stud-
ied for the sake of clearness. As can be seen in Fig. 5, the 
best results were obtained for the mixture 1:1:0 with 15% of 
inoculum, obtaining a value of 19.75(± 1.41) for RHGVS0.

The ratio bulking agent:digestate of 1:1 ensured an 
adequate relative density of the mass to be composted, 
allowing for an effective oxygen transference. In addition, 
a percentage of 15% of inoculum provides microbiota and 
nutrients in the composting mass, sufficient to accelerate and 
increase the effectiveness of the process [58, 59] without 

Fig. 3   Temperature evolution in compostability test for different mix-
ing ratios: (a) mixture 5 (1:1:0 + 15% inoculum); (b) mixture 4 (1:1:0, 
without inoculum)
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experiencing inhibitory effects described in the literature 
[61–63]. In accordance with the obtained results described 
above, the mixture 1:1:0 + 15% inoculum was selected as 
the optimum operating conditions for the development of 
the composting process at pilot-scale.

Pilot‑scale composting tests

To assess the potential agronomic use of the final product 
generated once finished the composting process of the bio-
hydrogen digestate, a pilot-scale experiment with 20 kg of 

Fig. 4   RHGVS0 obtained in the 
compostability tests studying 
the mixing ratio and the pres-
ence of inoculum
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mixture was carried out at the optimum operational condi-
tions previously determined 1:1:0 (+ 15%). The aim of this 
experiment was to obtain a significant amount of compost 
to be used in the agronomic tests. To determine the oxy-
gen requirements of the composting process, the VS were 
determined being its percentage a 55.40%. The different VS 
fractions were characterized, being easily biodegradable 
3.09 kgdm. The C/N ratio of the mixture presented an initial 
value of 32.7, a value within the optimum range (from 25 to 
35) described in the literature for the correct development 
of a composting process [20, 64]. The whole composting 
process can be divided into two general stages, the active 
or thermophilic stage, which occurs within the composting 
reactor, and the curing or mesophilic stage which takes place 
outside the reactor.

Active composting stage

The active composting stage was carried out inside the pilot-
scale reactor. The overall performance of the fermentation 
stage was completed in 7 days. During this period, tempera-
ture and oxygen levels in the reactor were monitored and 
controlled, respectively. The data obtained are presented in 
Fig. 6a and b.

In this work, based on the literature [40, 41], the mini-
mum air flow-rate was defined at 1.0 L/min, which corre-
spond to 0.33 L air/min·kg VS0, and the highest air flow-
rate was fixed at 3 L/min (1.0 L air/min·kg VS0). Due to 

the initial evolution of the experiment (see Fig. 4b), with 
an oxygen consumption rate higher than expected, the ini-
tial air flow-rate level was increased from 0.66 to 0.98 L 
air/ min·kg VS0 to reduce the temperature of the process 
which was above 60 °C (Fig. 6a). In the literature, it has 
been described that temperatures in the range between 
50 and 60 °C could inhibit microbial activity or generate 
endospores from some pathogens [65]. From the third day, 
when the temperature started to decrease, see Fig. 6a, and 
the outlet oxygen level increased up to 17%, see Fig. 4b, the 
air flow-rate was changed again to 0.66 L air/ min·kg VS0 
to avoid excessive cooling and moisture loss in the reactor. 
At the end of the third day, the control system of the reactor 
changed to the lowest air flow-rate, 0.33 L air/min·kg VS0, 
this flow-rate was kept until the end of the process because 
the temperature was always below 55 °C (set point of high 
temperature). In the literature, it has been described that 
the active composting process is finished when temperature 
difference between reactor and environment are under 10 °C 
[54]. Other researchers indicate that the bio-oxidative stage, 
active phase, of composting is finished when the temperature 
of the pile is stable and near to that of the atmosphere [66]. 
In this work, these conditions were reached after 7 days of 
composting at the pilot-scale reactor.

Curing phase: evaluation of the maturity and stability 
of the compost

Once finished the active composting stage, the curing stage 
was developed. In the literature, it has been stated that the 
degree of maturity of the compost is related to the properties 
that would enable their use as an agricultural amendment 
with adequate stability and maturity. Different parameters 
have been analyzed to evaluate the maturity, such as GI as 
well as the presence of N-NH4 and VFA in the compost 
[49]. Furthermore, respirometric tests measuring the SOUR 
were used to evaluate the compost stability. In addition, 
these characterization procedures were complemented with 
analysis of heavy metal contents, which is one of the main 
criteria set by the different legislations to establish its qual-
ity level and to protect the environment and public health. 
In this work, stability and maturity parameters were deter-
mined on a monthly base. The results obtained are presented 
in Table 3.

Regarding the compost maturation, the GI evolution 
over time was used to assess the maturity of the com-
post due to its relationship with the presence of phyto-
toxic substances. According to Zucconi et al. (1981) [49] 
and Emino and Warman (2004) [67], there are different 
ranges of GI values, depending on the effects of the com-
post on the plants. A value of the GI lower than 80% indi-
cates that the material presents phytotoxic effects. A GI 
value between 80 and 100% indicates the disappearance 
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of phytotoxins in composts. Finally, a value above 100% 
indicates that the substrate presents a phytostimulant 
effect. As can be seen in Table 3, a GI value of 75.8% was 
obtained at the beginning of the maturation period. This 
value indicates the presence of phytotoxic compounds in 
the compost obtained. However, the levels of ammonia 
(200 mg/kgdm) and VFA (108.27 mg AcH /kgdm) at the 
beginning of the curing stage were below the phytotoxic 
levels described in the literature. In the literature, Zuc-
coni and De Bertoldi (1987) established that an ammo-
nium nitrogen value below 400 mg/kgdm indicates mature 
compost [68]. Regarding to the acetic acids’ concentration, 
it has been described that acetic acid concentrations over 
the range 300–500 mg/kgdm showed phytotoxic effect on 
the plants, and thus could inhibit the plant growth [56, 57]. 
In this work, during the previous composting stage, a sig-
nificant reduction of the VFA concentration was observed 
in the digestate: decreasing from 3,818.1 mg AcH/kgdm at 
the beginning of the composting process to 108.3 mg AcH/
kgdm the last day of the composting process, accounting a 
97% of VFA removal efficiency. Because of the low levels 
of ammonia and VFA, a possible synergistic effect of both 
parameters could be the cause the phytotoxic effect experi-
enced as previously described in the literature [69]. The GI 
value at day 30 of the curing stage was 99.63%, indicating 
the absence of phytotoxic effect and coinciding with the 
drastic reduction of the initial levels of ammonia. At that 
moment, the VFA concentration was 41.3 mg AcH/kgdm, a 
value below the level considered as phytotoxic (< 400 mg 
AcH/kgdm according to the literature [68]). Therefore, after 
30 days of curing phase, the compost obtained can be con-
sidered as mature compost. Subsequently, after 60 days of 
maturation process, GI showed a value of 112%, indicat-
ing a certain phytostimulant character, coinciding with the 
absence of ammonium and a very low VFA concentration, 
9.1 mg AcH/kgdm.

Regarding the compost stability, two requirements were 
taken into consideration. On the one hand, the maximum 
respiration activity value according to the Working Docu-
ment on “Biological treatment of Biowaste” [70], an EU-
initiative to improve the present situation for biodegradable 
waste (biowaste) management and help meeting the targets 
of the Landfill Directive 1999/31/EC. This document defines 
a compost as stable when either the Respiration Activity 
after 4 days (AT4) is below 10 mg O2/gdm or when the oxy-
gen uptake rate is below 1 mg O2/gVS·h, values in accord-
ance with results described in the literature [71–73]. On the 
other hand, the EPA (Environmental Protection Agency) 
takes into consideration a stricter normative of the Canada 
Composting Council [74]. According to this normative, EPA 
proposes that compost is deemed mature if it meets two of 
the following five requirements: (1) C/N ratio is lower than 
or equal to 25; (2) oxygen uptake rate is lower than or equal 
to 150 mg O2/kg VS·h; (3) germination of cress (Lepidium 
sativum) seeds and radish (Raphanus sativus) seeds in com-
post must be greater than 90% of the germination rate of 
the control sample, and the growth rate of plants grown in a 
mixture of compost and soil must not differ more than 50% 
in comparison with the control sample; (4) compost must be 
cured for at least 21 days; (5) compost will not reheat upon 
standing to greater than 20 °C above ambient temperature.

At the beginning of the maturation process, see Table 3, 
high oxygen consumption was observed, resulting in a value 
of 1.09 SOUR (mg O2/gVS·h). This value is slightly higher 
than the maximum value set by the Working Document of 
EU, and additionally, it would not meet the criteria required 
by the EPA and the Canada Composting Council listed 
above.

When the curing process reached the day 30, a SOUR 
of 0.14 mg O2/g VS·h was obtained. This value is lower 
than the value proposed by the EU Working Document, 
SOUR < 1  mg O2/gVS·h. In addition, three of the five 
requirements of EPA and the Canada Composting Council 
were accomplished. The requirements accomplished were 
the following: SOUR was 0.14 mg O2/g VS·h; GI of 99.63% 
and the compost was cured for 30 days. Hence, the com-
post obtained in this work meets targets of both regulations. 
Other researchers found analogous results with similar sub-
strates; for example, Iannottil, (1993) studied the compost-
ing process for MSW and found a high level of stability 
(0.50 mg O2/gVS·h) on day 31 [75]. Xiao and Zeng, (2009) 
found that stabilized compost from MSW presented a SOUR 
value lower than 2 mg O2/gVS·h after 20 days [76].

Compost quality evaluation

The compost quality should be considered from those char-
acteristics that result from a proper composting process, 
including a rational management of waste and the obtention 

Table 3   Parameters measured in the compost during the maturation 
process

Nd non detected

Parameters Initial Day 30 Day 60

Moisture (%) 36.31 17.37 9.04
O.M. (%) 38.34 34.65 32.71
Carbon (%) 22.23 20.10 18.97
Total nitrogen (%) 0.82 0.72 0.68
C/N ratio 27.1 27.9 27.9
N–NH4 (mg/kgdm) 200 Nd Nd
T.S (%) 63.69 82.63 90.96
Total VFA (mg AcH/kgdm) 108.3 41.3 9.1
GI (%) 75.8 99.6 112.6
SOUR-OxiTop (mg O2/gVS·h) 1.09 0.14 0.13
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of a high-quality product to be used in the agriculture 
[77–79]. Possible agronomic uses of compost include its 
use as fertilizer or as grown media. The European Regula-
tion 2003/2003 regulates the use of the compost as fertilizer 
[80]. It was transposed into Spanish legislation by the “Royal 
Decree” RD 506/2013 [52]; this regulation sets the qual-
ity class according to the limits established for heavy met-
als concentration in compost and fertilizer products made 
from wastes. The Spanish legislation regulating the use of 
compost as grown media is, in the, the “Royal Decree” RD 
865/2010 [53].

The evolution of the chemical characteristics of the com-
post during the maturation stage is presented on Table 4. 
As can be seen on this table, after 30 days, the compost 
presented an organic matter content of 34.65%, moisture 
of 17.37% and a C/N ratio of 27.9. The value of C/N ratio 
decreased from 32.7, at the beginning of the active compost-
ing stage, to 27.9 at the end of maturation process. In the 
literature, it has been proposed a maximum value of 0.75 
for the quotient between C/N final and C/N initial as a sta-
bilization parameter for the composting of municipal solid 
waste [68]. In this study, a quotient of 0.85 was obtained, 
a value slightly higher than the value proposed. This value 
is strongly affected by the characteristics of the raw sub-
strates. In this work, the substrates were the solid effluents 
of a bio-hydrogen production process fermenting OFMSW, 
thus, the initial substrate was partially mineralized and, 
therefore, would present a different evolution in compari-
son with more biodegradable or non-partially mineralized 
substrates. Regarding to the organic matter content (OM), 
its value was 34.65%, a value significantly higher than the 
20% required by the RD 865/2010 [53].

Usually, the major limitation of a mature compost for 
its agronomic uses is related to the presence of heavy met-
als. In Spain, the RD 506/2013 [52] defines strict limits, 
establishing three classes of quality according to the metal 
content in the final product, and imposes restrictions on the 
use of the lowest quality compost, named as Class C. On the 
other hand, the Spanish Royal Decree RD 865/2010 [53], for 
contained grown media, establishes only two classes of qual-
ity, with values identical to those established for classes A 
and B of the Spanish RD 506/2013 [52]. Table 4 shows the 
levels of heavy metals in the compost obtained in this work 
and, considering both Spanish regulations, it can be sorted 
as class B. In comparison with the levels established for the 
highest quality of composts, class A, the compost obtained 
in this work presents a concentration of nickel 3.26 times 
greater, 1.35 times greater of copper, 3.25 times greater of 
mercury, 1.33 times greater of zinc and 1.22 times of lead. 
The presence of these metals could be explained by the 
improper discard of batteries, paint, inks, or other house-
hold hazardous wastes in the MSW that could be avoided by 
proper sorting of the wastes and educating on waste man-
agement. Because of the presence of metals, the resulting 
compost would present limitations of use as a fertilizer (RD 
506/2013), also following the Code of Good Agricultural 
Practice. However, according to the R.D. 865/2010, a Class 
B can be used for contained grown media but not for edible 
horticultural crops. These limitations in the application of 
the obtained compost could be limited by avoiding the pres-
ence of these pollutants on the initial composting mass.

Conclusions

In this work, a novel heat generation parameter for com-
posting performance evaluation was defined, the RHGVS0. 
This parameter was used for evaluating the performance 
of lab-scale composting processes with successful results. 
Experimental results obtained in these lab-scale composta-
bility assays showed that the optimum mixing ratio bulking 
agent:digestate:co-substrate (v/v) was 1:1:0, plus 15% com-
post as inoculum. The optimum conditions obtained at lab-
scale, were applied in an active composting process devel-
oped in a pilot-scale reactor and monitored during 7 days. 
Once finished the active phase, a VFA removal of 97% was 
obtained. Finally, a curing phase was developed for 60 days. 
After 30 days of the curing process, the obtained compost 
showed an adequate degree of stabilization and maturation, 
presenting 99.6% of GI, absence of ammonium and low lev-
els of VFA (total VFA: 41.3 mg AcH/kgdm). The respiro-
metric index of the compost was 0.14 mg O2/gVS·h, a value 
below the reference levels of the EU (1 mg O2/gVS·h) and 
the Canadian Composting Council. The obtained compost, 
within 30 days of maturation, meets all the requirements 

Table 4   Physicochemical levels established by different regulations 
(RD 506/2013 and RD 865/2010) and experimental values for the 
compost after 30 days of maturation

SD Standard deviation in brackets
a RD 865/2010
b RD 506/2013

Parameters Category Compost
(SD (%))

Aa, b Ba, b Cb

Heavy metals (mg/kgdm) Cd 0.7 2 3 0.51 (0.1)
Cu 70 300 400 135 (6.0)
Ni 25 90 100 26.0 (2.0)
Pb 45 150 200 55.0 (2.0)
Zn 200 500 1000 267 (6.0)
Hg 0.4 1.5 2.5 1.30 (0.1)
Cr 70 250 300 54.6 (3.7)

Ratio C/N <20b 27.9
Organic matter (%) >20a ; 35b 34.65
Moisture (%) 30-40b 17.37
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to be used as a contained grown media. However, it cannot 
be used for edible horticultural crops because of their high 
heavy metals’ content.
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