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Abstract
Experimental tests on continuous two-stage anaerobic digestion (TSAD) were conducted, to assess its energetic performance, 
using organic market waste as a substrate. The systems were tested to ascertain the effects of external stressors, which allow 
the separation into two different microorganism consortia, that is, hydrogen-producing bacteria and hydrogen-consuming 
bacteria, to be maintained. Two bioreactors were run in series under different operational conditions, including pH, mixing 
rate, and initial inoculum, and three different decreasing hydraulic retention times were considered, with a fixed ratio of 
1:10 in volume between the first bioreactor (hydrogen) and the second one (methane). The performance of the whole sys-
tem was assessed over > 140 days to monitor the stability of the process, in terms of the reduction of the volatile solids and 
the energy productivity for each step. Each tested condition was scored using two parameters: efficiency and efficacy. The 
first corresponds to the fraction of recovered energy of the available (η) and the second (ξ) was used to compare the energy 
produced by the TSAD with that of one-step anaerobic digestion. The efficiency resulted to be (24–32)%, while the efficacy 
proved to be around 1.20. The share of energy, under the form of hydrogen, compared to the total energy recovery, was in 
the (8–12) % range. Finally, the oscillation behaviour of the quasi-steady-state condition was analysed in terms of the Fano 
factor to establish the most stable conditions.

Keywords Microbiome · Two-stage mesophilic anaerobic digestion · Bio-hydrogen · Bio-methane · Hydraulic retention 
time · Selective pressure · Fano factor

Introduction

The feasibility of the use of mixed microbial consortia in 
anaerobic digestion (AD) for a wide range of organic sub-
strates has been demonstrated during the last decades. In 
fact, AD is one of the most widespread energy-recovery 
processes throughout the world and it reached 16.6 Mtoe 
of primary energy production in Europe in 2016 [1], which 
represented 1.12% of the total EU primary energy consump-
tion for that year. Moreover, different ongoing developments 
have also integrated AD in biorefinery context processes [2].

Currently, the most frequently used feedstock for AD 
is that of organic material, that is, either agro-industrial 

production residues or the organic fraction of municipal 
solid waste (OFMSW), which is mainly constituted by cel-
lulose, hemicellulose, and lignin. Bio-methane is produced 
using different inocula containing a wide variety of microor-
ganisms, which progressively adapt to degrade the different 
organic constituents: carbohydrates, proteins, and lipids [3]. 
Large macromolecules are first hydrolysed to small-chain 
carbohydrates, while proteins are hydrolysed to amino acids 
and lipids to long-chain fatty acids. In acidogenesis, volatile 
fatty acids (VFA) are produced simultaneously with  H2 and 
 CO2 through dehydrogenation and decarboxylation reac-
tions. Later, the acetogenic phase takes place converting 
the primary fermented products into acetic acid and  CO2, 
which are used in methanogenesis by hydrogenotrophic 
methanogens  (CO2 and  H2) and acetoclastic methanogens 
(acetic acid) together with other substances (methylated 
compounds), albeit to a lesser extent [4]. All the above-
mentioned phenomena are not independent; they are possi-
ble in AD microbiomes thanks to the fascinating syntrophic 
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relationships that are established between fermenting bac-
teria and archaea. These bacteria produce surplus reduc-
ing power under the form of electrons, which is used by 
methanogens; these in turn need electrons, and this process 
is often referred to as interspecies electron transfer IET [5]. 
Moreover, several IET mechanisms, such as  H2 and formate, 
have been proposed as shuttled and direct interspecies for 
electron exchange [6].

Microbial community engineering (MCE) is a growing 
topic of interest within the biotechnological field which 
comprehends species–species and species–environment 
interactions, including symbiotic associations (i.e., mutual-
istic, parasitic, or commensalistic), competition, and preda-
tion within species and strains. MCE has a high potentiality, 
which could be exploited for the production of chemicals 
[7], energy [8], and materials [9]. Species–species and spe-
cies–environment interactions are related to the application 
of external stressors (selective pressure) to microbiomes, 
which are highly complex phenomena that can be studied 
using different approaches of a dynamic nature. The stability 
of a microbiome under environmental changes is, therefore, 
of the utmost importance.

Two-stage anaerobic digestion (TSAD) has recently been 
exploited using different microbiomes for each stage [10]. 
TSAD is conducted in one or two physically separated bio-
reactors: the latter in the case of continuous runs and the 
former for batch runs. The first step, i.e., bio-H2 production, 
is referred in the literature as Dark Fermentation (DF) and it 
has been studied extensively [11], while only a few studies 
are available on TSAD, and most of these are on the batch 
mode. TSAD permits more energy to be recovered than a 
one-stage process [12], not only due to the energy produced 
as hydrogen, but also because of the higher methane pro-
duction. The reason for this enhancement is that the first 
stage serves as a biological pre-treatment, thus making the 
substrates more easily biodegradable by methanogens, and 
hence increasing the energy efficiency of the whole process 
[13, 14]. As suggested in [10], the microbial consortia used 
to produce bio-H2 and bio-CH4 can be divided into two main 
groups, according to the pivotal role of  H2 in AD: hydrogen-
producing bacteria (HPB) and hydrogen-consuming bacteria 
(HCB). The first group is mainly composed of hydrolytic 
and fermentative microorganisms, and the second of fermen-
tative microorganisms and methanogens.

In this context, continuous TSAD is a process that has 
been designed to separate the AD microbiomes into two bio-
reactors: (i) a first one, aimed at producing  H2 plus  CO2 and 
a mixture of volatile fatty acids (VFA) that are present in the 
liquid phase, which is mainly carried out by HPB and (ii) a 
second one, which is fed with the liquid output stream from 
the first, and targets  CH4 and  CO2 production, and which 
contains a consortium of HCB and HPB. In the case of 
TSAD, it is mandatory to keep HPB separate from HCB in 

the first bioreactor. The separation can be obtained through 
the use of certain operational parameters (external stressors), 
such as: pH, temperature, mixing rate, organic loading rate 
(OLR), Red-Ox potential, hydraulic retention time (HRT), 
concentration of inhibitory compounds, and kinetic selection 
of the microorganisms. The batch operation mode for TSAD 
systems was previously studied in [13]; however, it is neces-
sary to pay more attention to the dynamics of the systems 
as far as the continuous mode is concerned, in particular to 
HRT [15] and OLR, which determine the growth kinetics of 
the microbial species, and hence indirectly the performance 
of the whole system.

The aim of this study was to experimentally evaluate the 
energetic performance and the stability of biogas production, 
using a quasi-pilot TSAD system operating in continuous 
mode, by selecting and maintaining the process parameters 
that are suitable for the microbiome present at each stage. 
Continuous operation was conducted using Organic Mar-
ket Waste (OMW), taken from a local market, as the feed, 
under different HRT and OLR conditions. The performance 
of the TSAD system was evaluated by recording the amount 
of energy produced as  H2 and  CH4 in each step and the 
total recovered energy  (H2 + CH4), compared to the energy 
obtained in one-stage AD using the efficiency and efficacy 
parameters. The stability analysis of quasi-steady-state con-
dition was conducted over 120 days of  continuous operation 
by evaluating the index of dispersion of fluctuations in gas 
productivity using Fano factors (FF).

Materials and methods

Experimental set‑up of the TSAD system

The TSAD system consists of two CSTRs connected in 
series: a first bioreactor (S1), Minifors I (Infors HT, Bott-
mingen, Switzerland), with a total volume of 2 L, which 
operates with a working volume of approximately 1.34 L, 
and a second bioreactor (S2), Chemap Fermenter (Chemap 
AG. CH-8708, Manedorf, Switzerland), with a volume of 
14 L and a fermentation volume of approximately 13.4 L, 
i.e., with a reactor volume ratio (S1:S2) of 1:10. Both reac-
tors operate under anaerobic conditions, which are reached 
by flushing  N2 through the fermentation broth for 10 min, 
and under mesophilic conditions at 35 °C, which is con-
trolled by means of an electrical heater loop device. Dif-
ferent pH conditions have been applied to S1 and S2 to 
maintain different microbiomes in each reactor. In S1, the 
set point is  pHS1= 5.5, which was set to prevent solventogen-
esis at pH < 5 [16], while the set point in S2 is  pHS2 = 7, 
chosen to prevent the lowering of methanogen activity at 
pH< 6.5 [10]. The pH values are controlled by means of 
405-DPAS-SC-K8S/225 and 9816 Viscolyt sensors made 
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(Mettler Toledo) for S1 and S2, respectively, and by means 
of two control loop devices, which act on peristaltic pumps 
using 2 N NaOH solutions. In addition, mixing rates of 300 
and 50 rpm are applied in S1 and S2, respectively, and are 
maintained constant for the duration of the tests. A high 
mixing rate is necessary for S1 to degas the  H2 dissolved in 
the liquid, which can potentially inhibit the bioreaction [6], 
and to prevent the formation of the aggregates between HPB 
and HCB, which consume  H2.

On the other hand, S2 requires a low mixing rate to favour 
the formation of the aggregates containing HPB and HCB 
and to prevent high hydrodynamic stress on the methano-
gens. The Red-Ox potential is measured in continuous mode 
by means of sensors inserted into S1 and S2 (Pt4805-DPAS-
SC-K8S/225 and Pt4805-DPAS-SC-K8S, Mettler Toledo). 
Both bioreactors are operated in continuous mode with a 
slight overpressure (< 50 mbar), which is maintained by 

means of two gas-over-flow valves, to avoid oxygen from 
infiltrating into the system. The complete system is only fed 
through the Minifors reactor, using a peristaltic pump with a 
feed frequency of 6 h. The output stream from S1 reaches S2 
by means of gravity-driven overflow, due to the difference 
in elevation between S1 and S2, which is about 50 cm, as 
shown in the schematic representation of the experimental 
set-up (Fig. 1a) and in the picture in Fig. 1b.

Considering that AD is not only an energy-recovery tech-
nique, as is also satisfied the other environmental sustain-
ability constraints, such as water consumption, the effluent 
of the process—the digestate—which is the output of the 
 CH4 reactor and is not suitable for discharging into a receiv-
ing water body, has to undergo a separation step to recover 
the water (dewatering) and produce the dried digestate 
(about 40% w/w of humidity). The, thus, obtained water is 
then recycled and mixed with the fresh feed to avoid any 

Fig. 1  a Scheme of the used 
pilot plant in continuous mode 
with A: the feed preparation 
tank; B:  BioH2 reactor (S1) C: 
 BioCH4 reactor (S2); D: absorp-
tion column; E: activated carbon 
adsorption column; F: heating 
system; G: Feed tank (one 
running, one in stand-by); H: 
crush screw; I: on line filter; L: 
control pH reservoirs; M: pres-
sure control device; N: silica gel 
drying column; O: hydrogen gas 
rich storing tank under pressure; 
Q: biogas storing system at 1 
atmosphere; R: digestate res-
ervoir tank; S: liquid sampling 
device (from [10], published 
2015 © Springer-Verlag Lon-
don, reproduced with the kind 
permission of Springer Nature 
Customer Service Centre) and b 
pilot plant picture
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unnecessary water expenditure and to satisfy the water con-
tent requirements for the DF process for wet fermentation. 
However, in the case of TSAD, the water recycling stream 
also contains some HCB concentrations, which should not 
introduce any significant perturbations to the microbial 
composition in S1. In this respect, the output stream of S2 
is filtered using 125 μm nylon filters (Carl Roth GmbH, 
Karlsruhe, Germany) and used to dilute the feed for S1.

Preparation and pre‑treatment of the substrate

The selected substrate used for the tests was OMW, which 
was constituted by a random mixture of fruit and vegetables 
collected from an open market (the Racconigi Market, Turin, 
Italy). The OMW presented an elevated water content, of 
approximately 89–90% w/w, which made it suitable for wet 
fermentation processes. Furthermore, the dry matter (DM) 
was mainly constituted by carbohydrates (sugars and fibres), 
of 70–90% w/w, proteins of around 10–35% w/w, lipids of 
2–9% w/w, and minerals of 3–5% w/wDM. The collected 
refuses were ground and diluted with tap water for the first 
batch, without the addition of any substances, to obtain a 
homogenous solution which was then fed to the system. As 
a result of the long duration of the experimental campaign, 
different batches of substrate were prepared, following the 
procedure already reported in [17], but diluted with the fil-
tered liquid discharged from methanogenic reactor S2 [18]. 
A representative composition of the feed to reactor S1 can 
be found in Table 1.

Preparation of the inocula

The initial inocula used for both systems were cow manure. 
In the first stage (S1), the HPB inoculum was prepared by 

treating fresh manure at pH= 3 with a 2 M solution of HCl 
at 35 °C for 24 h to reduce the population of methanogens 
(non-spore forming) following a procedure already reported 
in Ref. [19], to promote the enrichment of such spore-form-
ing HPB as Clostridium spps. Fresh cow manure was used 
for the methanogenic reactor (S2), due to the suitability of 
its anaerobic microbial consortium. Both bioreactors were 
inoculated with a 10% v/v fraction of the working volume.

Analytical measurements

The proximate analysis consisted of the measurement of the 
dry matter (DM) and volatile solids (VS) according to the 
standard procedures [20]. The pH was measured using a pH 
metre (Laiss CONSORT P903, Turin, Italy). Cumulative gas 
production was assessed for each bioreactor using calibrated 
milligas counters (Ritter MGC-1 v3.2, Bochum, Germany). 
Both gas outputs were collected in plastic sampling bags 
(SKC Inc., Pennsylvania, USA) and analysed through off-
line gas chromatography, using a Micro-GC (Varian Micro-
GC CP-4900, Palo Alto, USA) equipped with a Thermal 
Conductivity Detector (TCD) and two columns: a poroplot U 
column for  CO2 determination (85 °C, 200 kPa and Argon as 
the carrier) and a molecular sieve-type column for  H2,  CH4, 
 O2, and  N2 determination (95 °C, 200 kPa, and helium as the 
carrier). The Lower Heating Values (LHV) of the substrates 
after dehydration at 105 °C for 24 h and pelletization of the 
DM were measured by means of a calorimetric bomb (Parr-
Instrument 1261, Moline, USA).

Start‑up of the TSAD system

Bioreactors S1 and S2 were both inoculated with dif-
ferent consortia of microorganisms (“Preparation of the 

Table 1  Model composition of the feed to S1

% (w/w) Water (%) Carbohydrates Proteins Lipids Fibre Other Energy (kcal/g)

Strawberry 13.79 90.50 5.30 0.90 0.40 1.60 1.30 0.27
Pear 16.13 87.40 8.40 0.30 0.10 3.80 0.00 0.35
Apple 9.14 86.90 10.70 0.40 0.10 1.70 0.20 0.43
Tomato 22.98 93.16 3.53 0.88 0.22 1.99 0.22 0.19
Zucchini 6.33 93.60 1.40 1.30 0.10 1.20 2.40 0.11
Peppers 9.05 92.30 4.20 0.90 0.30 1.90 0.40 0.31
Onion 11.29 92.10 5.70 1.00 0.10 1.00 0.10 0.26
Celery 2.04 88.30 2.40 2.30 0.20 1.60 5.20 0.20
Potato 4.20 78.50 16.80 2.10 1.00 1.60 0.00 0.85
Orange 1.77 87.20 7.80 0.70 0.20 1.60 2.50 0.34
Parsley 1.41 87.20 1.00 3.70 0.60 5.00 2.50 0.20
Lettuce 1.87 94.30 2.20 1.80 0.40 1.30 0.00 0.19
Mean % 89.29 5.79 1.36 0.31 2.02 1.24
Mean % (dry basis) 54.01 12.67 2.89 18.90 11.53
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inocula”) as seeds, since the generation of bio-hydrogen 
and bio-methane takes place in different microorganism 
populations (i.e., HPB and HCB). Considering that the 
necessary lag phase and duplication times are different 
in both cases, it was decided to first initiate the metha-
nogenic bioreactor. Hence, the start-up procedure first 
involved the inoculation of S2 in batch mode, with the 
aim of establishing the microbial culture in the expo-
nential-production phase of biogas  (CH4 + CO2), which 
lasted about 30 days (Condition 0, see Table 2). On the 
15th day after the start-up of S2, the first stage (S1) was 
also inoculated to start in batch mode to let the microbial 
culture adapt to fermentative conditions. OWM, prepared 
as reported in “Preparation and pre-treatment of the sub-
strate”, was used in S1 and S2 under different operational 
parameters (“Experimental set-up of the TSAD system”). 
When S1 had approximately reached the time correspond-
ing to the exponential phase independently, the two bio-
reactors were connected by opening the connection liquid 
valve (Fig. 1), and the continuous operation of the two-
stage (TSAD) system was launched (see Fig. 2 for the 
experimental design sequence). After the system had been 
run for a time approximately equal to that of the longer 
HRT (15 days), in continuous mode, corresponding to 1 
cycle of HRT for S2 and 10 cycles of HRT for S1, tests 
were carried out on the system in quasi-steady-state con-
ditions, starting with the higher HRT tested of 15 days. 
Due to the type of nutrients-rich substrate (“Preparation 
and pre-treatment of the substrate”) selected for the tests, 
the start-up of the anaerobic fermentations in batch mode 
is rather simple; however, the energy-recovery stability of 
the TSAD is to be tested in the continuous-mode opera-
tion, for which different HRT conditions were scanned.

Screening of the different hydraulic retention 
times (HRT)

Once the batch operation of S1 and S2 reached the expo-
nential phase, and the operation switched to the continuous 
mode, three operative HRT conditions, namely I, II, and III, 
which are reported in Table 2, were tested. To observe the 
oscillation of bio-H2 and bio-CH4 production, it was decided 
to use as a probe parameter different conditions of HRT for 
each stage. Considering that the volume of the broth in S2 
was ten times that in S1, and that the total liquid discharged 
from S1 was fed to S2, the  HRTS1:  HRTS2 ratio was also 
fixed at 1:10. HPB and HCB are constituted by ecologically 
different microorganisms with different specific growth rates 
(µmax), that is, of approximately 0.215 and 0.010 h−1, respec-
tively [10]; and since the operation was conducted in CSTR 
reactors, each HRT-tested condition was applied for three 
cycles of S2 to encompass the variability of µmax of the dif-
ferent species present in the consortia. Hence, the evaluation 
of the performance lasted 30 cycles of each HRT for S1 (see 
Table 2), which can be considered not only sufficiently long 
time to separate HPB from HCB, but also an adequate time 
window to observe the passage from one pseudo-steady-state 
into the next condition, using 3 and 30 cycles, for S1 and S2, 
respectively. The first set of tested HRT corresponds to 1.5 
and 15 days for S1 and S2, respectively; these are the long-
est retention times (the lowest feeding rates) and they were 
progressively decreased.

Kinetic selection of the microorganisms based 
on HRT

To assure the long-term stability of HPB and HCB popula-
tions, not only were such process parameters as the pH and 
the mixing rate kept different in S1 and S2, but the so-called 
kinetic selection was also tested, due to its fundamental role 

Table 2  Tested HRT conditions 
for the TSAD system

Condition Mode Testing 
period 
(day)

HRT S1 (day) Cycles S1 (–) HRT S2 (day) Cycles S2 (–)

0 (start-up) Batch 30 – – – –
I Continuous 45 1.5 30 15 3
II Continuous 36 1.2 30 12 3
III Continuous 33 1.1 30 11 3

Fig. 2  Block diagram of the experimental procedure
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in continuous plant operation [21]. This involves the appli-
cation of the wash-out criterium of a chemostat containing 
different microorganism species, each with its own specific 
growth rate. The growth rates (μ) are inversely related to the 
doubling times of the microorganisms, e.g., td= ln (2)/μmax, 
which is a more intuitive parameter. As previously men-
tioned, HPB presents shorter doubling times than HCB and, 
hence, a greater μmax, while HCB has a longer td, and, there-
fore, requires a longer HRT to reproduce. The large temporal 
differences necessary for HCB and HPB to reproduce pro-
mote a kinetic selection of different microbiomes. It is possi-
ble to understand this selection if we consider, for simplicity, 
an ideal continuous stirred tank reactor (CSTR) containing 
only one bacteria species (X) and only one organic substrate 
(S). Considering that bacterial growth follows Monod kinet-
ics, in a steady-state (ss) condition, the constitutive mass 
balance equations become:

where μmax is the maximum specific growth rate of the 
microorganism  (h−1), D is the dilution rate D = Q/V =HRT−1 
 (h−1), Q is the flow rate (L/h), V is the volume (L), Ks is the 
affinity constant  (gS/L), YX/S  (gX/gS) is the yield coefficient 
of the biomass, and S0  (gS/L) is the substrate concentration 
in the feed stream. From Eqs. (1) and (2), as D approaches 
μmax, Sss approaches S0, and hence, Xss approaches zero. This 
condition means that the chemostat bioreactor goes into 
wash-out (XSS→ 0): no microorganisms are now present in 
the bioreactor and the bioreaction stops. Since HRT= D−1, in 

(1)SSS =
KS × D

(

�max−D
)

(2)XSS = YX∕S ×
(

S0 − SSS
)

the case of a bioreactor containing two species of microor-
ganisms, working with a shorter HRT than doubling time td 
of one species will promote the wash-out of the second one.

In the present case, the two populations of interest (HPB 
and HCB) are constituted by hundreds of species, each with 
a particular value of td, and experimental reference values 
should, therefore, be considered to represent all the involved 
species. Figure 3 shows, in a qualitative way, the applica-
tion of kinetic selection to TSAD system, where the nominal 
trends for the substrate concentrations (S) and biomass (X) 
are presented under steady-state conditions. The dashed ver-
tical lines represent the wash-out of each species, while the 
vertical bands represent possible operative ranges of HRT 
for S1 and S2. As can be observed in Fig. 3, an adequate 
separation of HPB and HCB occurs: only HPB species are 
present in S1, while a balance between HPB and HCB in S2 
allows syntrophy to be reached between the microbial popu-
lations of interest. The substrate concentration decreases as 
is passes through the cascade of bioreactors: S0 is the feed 
substrate concentration for S1, S1 is the outlet concentration 
of S1 and is also the inlet concentration for S2, and, finally, 
S2 is the concentration of the second stage (S2).

Efficiency (η) and efficacy (ζ) evaluations

The energetic performance of the continuous TSAD system 
was evaluated using two parameters: (i) efficiency (η), which 
considers the produced energy as the sum of the obtained 
 H2 + CH4, compared to the amount of energy present in the 
OMW fed to the system, through its LHV (kJ/gDM); (ii) effi-
cacy (ζ), which takes into consideration the energy produced 
with the TSAD system, compared with the energy produced 
under an exclusively methane form in the one-stage AD for 
the same substrate. The concepts of this approach have been 

Fig. 3  Graphical representation 
of Eqs. 1 and 2, evidencing the 
kinetic selection of microorgan-
isms based on HRT
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previously introduced in Ref. [13], and it is here sufficient 
to highlight the lower experimental uncertainty linked to 
the determination of LHV, which is valid for any type of 
organic refuse. This approach is preferred to the use of bio-
logical methane potential (BMP), since the energy in TSAD 
is produced under the form of  H2 + CH4, and mainly because 
the former step modifies the efficiency of the methanogenic 
step [12].

The efficiency was evaluated as follows:

where v ̇S1 and v ̇S2 are the experimentally measured (NL/h) 
mean biogas flow rates from S1 and S2; yS1,H2

 and yS2,CH4
 

are the gas mole fractions (mol/mol) of the gas for each 
stage (i.e.,  H2 in S1 and  CH4 in S2), LHVH2

 and LHVCH4
 

are the molar LHVs of hydrogen and methane, respec-
tively (239.2 kJ/mol and 800.29 kJ/mol); 22.41 NL/mol 
is the volume occupied by 1 mol of ideal gas; QS1 corre-
sponds to the mean feeding flow rate (L/h) for each tested 
HRT condition of S1,  VSOMW is the mean concentration 
of the volatile matter  (gVS/L) present in the OMW and 
 LHVOMW=(14.538 ± 150) kJ/gVS, as experimentally deter-
mined. The efficacy of TSAD was calculated as follows:

where  EpTSAD is the energy produced by the TSAD systems 
(i.e., the numerator of Eq. 3) and  EpAD (Eq. 5) is the energy 
produced by the same feed in the one-stage AD. In the pre-
sent case,  EpAD was experimentally evaluated in batch mode 
(test not shown) and a mean value of 0.151 LCH4/gVS was 
obtained, and hence:

permits the energy produced in the one-step AD to be evalu-
ated as a reference value for each tested HRT, where QVS 
 (gVS/h) is the feed for each condition.

Results and discussion

Volatile solid (VS) concentrations along the TSAD 
system

During the continuous test, the operative conditions were 
kept constant, as mentioned in “Experimental set-up of the 
TSAD system”. The fed substrate had variable characteris-
tics, since it was prepared periodically (i.e., every Monday) 
from refuses to simulate full-scale conditions, and it was 

(3)

𝜂 =

v̇S1

22.41
× yS1,H2

× LHVH2
+

v̇S2

22.41
× yS2,CH4

× LHVCH4

QS1 × VSOMW × LHVOMW

,

(4)� =
EpTSAD

EpAD
,

(5)EpAD =
0.151

22.41
× LHVCH4

× QVS (kJ∕day)

used during the following week. Figure 4 shows the moni-
tored concentration of VS for the three tested HRT in the 
feed, as well as the output from S1 and the digestate (output 
from S2) to help understand the behaviour of the TSAD 
system. It is important to note that the time axis considered 
and reported in the figures only regards the time of opera-
tion in pseudo-steady-state, and, hence, 3 HRT for S2 and 
30 HRT for S1. The mean VS concentrations in the feeds 
for each condition (I, II, and III) were 29.2 ± 8.5, 32.1 ± 3.8, 
and 29.1 ± 1.6 gVS/L, for each case (Fig. 4). To simulate the 
behaviour of the full plant, due to the variations of the feed 
characteristics as a consequence of the periodical collec-
tion of the refuses, the feeds were only treated as reported 
in “Preparation and pre-treatment of the substrate”, this 
explains the constant OLR for only certain lapses. It is evi-
dent that the system can absorb the very large variations of 
OLR for all the cases. In case I, that is, the system with the 
longest HRT, the variability in the feed was greater, and 
hence, higher oscillations were observed, and for some days, 
the difference between the input and output of S2 was very 
narrow. It should be noted that even when the VS concentra-
tion had more variability, the mean OLR showed a variabil-
ity of between 10 and 25% (see Table 3), which is the same 
range as that of full-scale digesters, and was always within 
ranges commonly found in the literature for wet fermenta-
tion conditions [22]. The response of S2 was also smoother 
for the three tested conditions, a result that could be related 
to the lower activity of the HCB consortia and the longer 
HRT (see “H2 and  CH4 production in S1 and S2 for differ-
ent HRT”).

H2 and  CH4 production in S1 and S2 for different HRT

As previously mentioned, the produced energy was evalu-
ated considering the energy produced under the form of  H2 
and  CH4. To this end, the specific daily productivity  NLgas/
(Lbroth day) was recorded for each stage (S1 and S2) for the 
tested conditions of HRTs (I, II, III). The trends are pre-
sented in Fig. 5, where the duration of the tests (three cycles 
of each HRT condition for S2 and 30 cycles per HRT for S1) 
is reported on the time axis. Oscillatory behaviour can be 
observed for both reactors. The observed oscillations in the 
case of  H2 productivity are larger than  CH4, probably due 
to the larger feed variations, and are remarkably unstable 
under the three tested HRT. On the other hand, the  CH4 
productivity presents a lower amplitude than  H2, but the 
oscillations are quite smooth, and the productivity appears 
almost constant at HRT = 15 days. The oscillation could 
be related to many different aspects, such as the dynamics 
of synergic interactions of the microorganisms and reac-
tor phenomena. Since the consortia in S1 and S2 required 
different adaptation times, the specific growth rate of the 
microbiome depends on the microorganism’s synergies, 
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while other relevant reactor phenomena, such as the resi-
dence time, the circulation, and mixing times in the vessel as 
well as the local viscosity and its temporal variations, could 
affect too the magnitude of oscillation in both bioreactors. 
As the experimental procedure evolved from I → II → III, 
the HRT is decreased, therefore, the overall adaptation of 
the system should move towards case III. The mean  H2 pro-
ductivity amounted to (1.437 ± 0.431), (1.429 ± 0.291) and 
(1.219 ± 0.152) LH2

∕
(

Lbroth day
)

 , while, for  CH4, it amounted 

to (0.299 ± 0.030), (0.320 ± 0.019), and (0.471 ± 0.088) 
LCH4

∕
(

Lbroth day
)

 for I, II, and III HRTs, respectively. The 
relative variability for  H2 productivity lay around 12–30%, 
while, for the case of  CH4, it was about 6–18%, values which 
are within the previously reported range of experimental 
data [14].

Since quite complex higher order phenomena, such 
as those recalled above, could affect the oscillations in 
both S1 and S2, which are always observed in the case of 

Fig. 4  Behaviour of the volatile 
solid concentrations under dif-
ferent HRT: a I, b II, and c III
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full-plant scale AD, it is very difficult to provide an expla-
nation for each case. However, it is possible to hypothesise 
that, in conditions where the system is operated for shorter 
HRT, these variations are likely to be more related to mac-
roscopic operating conditions, such as: fluctuating OLR, 
differences between HRT and the microorganism retention 
time, non-ideal mixing conditions, and the amplitude of 
the spatial gradients in the vessel. On the other hand, when 
the feed is replaced less frequently at longer HRT, the 
system could be dominated by microbiological behaviour, 
such as competition, selection among the microorganisms, 
and metabolic shifts between different species present in 
both bioreactors. However, the role of the S1 as a pre-
treatment step that is able to absorb; to some extent, the 
perturbations of the feed entering methanogenic bioreac-
tor S2 can be observed from Fig. 5. Given the difficul-
ties to explain in detail the mechanisms that generate the 

oscillations, a macro-analysis is presented in the following 
section.

Statistical analysis of the TSAD 
in a pseudo‑steady‑state condition

A statistical analysis was conducted to analyse the oscilla-
tory behaviour reported in Fig. 5 for the continuous opera-
tion, even though the size of the sampling data is limited 
(i.e., about 30–50 points for each tested condition). Con-
ducting a stochastic analysis in the present context means 
studying the properties of random time series or, more pre-
cisely, of complex erratic phenomena. This includes the 
study of the mean, variance, and correlation functions, as 
traditional measures of the properties of random data. When 
the time series are such that the variance and/or the mean 
diverge over the observation parameters, as occurs for the 

Table 3  Performance results 
and operative conditions for 
each tested condition I, II, and 
III

I II III

S1—HRT (day) 1.5 1.2 1.1
S2—HRT (day) 15 12 11
S1—feed (L/day) 0.89 ± 0.05 1.12 ± 0.05 1.21 ± 0.05
S1—OLR  [gVS/(L day)] 19.39 ± 5.65 26.84 ± 1.71 19.54 ± 2.00
S2—OLR  [gVS/(L day)] 1.33 ± 0.19 1.27 ± 0.11 1.95 ± 0.14
S1—H2 productivity 

[

NLH2
∕
(

Lbrothday
)]

1.437 ± 0.431 1.428 ± 0.291 1.219 ± 0.152

S2—CH4 Productivity 
[

NLCH4
∕
(

Lbrothday
)]

0.299 ± 0.030 0.320 ± 0.019 0.471 ± 0.088

S1—H2 yield 
(

NLH2
∕gVS

)

0.074 ± 0.029 0.053 ± 0.011 0.050 ± 0.006

S2—CH4 yield 
(

NLCH4
∕gVS

)

0.154 ± 0.055 0.119 ± 0.007 0.179 ± 0.033
Mean daily produced energy (kJ/day) 163.89 ± 14.50 173.79 ± 1.30 243.15 ± 4.44
Mean daily available energy (kJ/day) 579.75 ± 145.42 717.73 ± 41.45 750.78 ± 80.45
Efficiency (η) 0.28 ± 0.08 0.24 ± 0.01 0.32 ± 0.04
Efficacy (ξ) 1.18 ± 0.34 0.90 ± 0.04 1.29 ± 0.16

Fig. 5  Specific  H2 and  CH4 
productivity for the different 
tested HRT
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productivities reported in Fig. 5, it is necessary to analyse 
the heterogeneity properties of measurement by determining 
how the variance depends on the size of the units used to 
measure the time series. In other words, attention needs to 
be oriented towards the assessment of the temporal hetero-
geneity of the phenomena. A parameter that is able to give 
information on the intermittent increases and decreases in 
an activity or the frequency of an event is called burstiness. 
One of the measures of burstiness is: FF = σ2/M over a speci-
fied time scale, i.e., the ratio of the variance of the events 
over the mean value of the events that occur over a certain 
counting time, which is called the Fano factor (FF). It is also 
called the index of dispersion and was introduced by the 
Italian mathematician Ugo Fano in 1947 [23] to analyse the 
number of ions produced in a volume of gas by the absorp-
tion of such radiation. The FF has recently gained popularity 
in a variety of applications in different fields [24], including 
genetics [25] and biochemical enzyme pathway predictions 
[26]. As far as physical significance is concerned, it is pos-
sible to argue that the lower the FF is, the more the system 
obeys a deterministic law, i.e., when the noise disturbance 
is low, the higher the FF, and the more the system is of a 
statistical nature, the greater the noise effects. In the present 
case, FF was evaluated by computing the σ2 of the spikes of 

productivity and the mean value (M) of the data reported in 
Fig. 5. FF was evaluated for two situations: (i) for the entire 
duration of the testing period in pseudo-state-state for each 
HRT, which is reported in Table 4 and (ii) for a time interval 
of observation equal to one cycle of HRT for S2, for each 
tested HRT condition, for both S1 and S2, shown in Fig. 6. 

As a first consideration, it is possible to see, from Table 4, 
that the FF for S2 for all the tested HRT is much lower than 
that of S1, meaning that methane bioreactor S2 is stabilised 
by S1, as a result of the lowering of the disturbance, due 
to the variations of the above-quoted operative variables. 
A second consideration regards the selection of the opera-
tive HRT. As is possible to see from Table 4, as the HRT 
decreases from I to II and III, the stability of S1 increases, 
as can be seen from the decreases in FF. This means that 
the bio-hydrogen bioreactor could be operated even at 
HRT < 1.1 days. Instead, for S2, the stability increases from 
I to II and decreases from II to III; in fact, the FF decreases 
from I to II, while it increases from II to III. This is a clear 
indication that HRT = 12 days could be the lowest accept-
able HRT for the methanogenic bioreactor in TSAD using 
OMW as the feed. It should be pointed out that this value 
is about 1/3 or lower than the HRT used in a one-step AD 
(30–40 days), and hence, the volume of the vessel decreases 
as do the capital and operative costs. Figure 6 shows the FF 
variations along the three tested HRT, which were evaluated 
at each time interval equal to the HRT for S2. From Fig. 6, it 
is possible to argue that, after the occurrence of a perturba-
tion, it is necessary to wait for a time that is at least equal 
about three times HRT for the perturbation to be assimilated, 
as is possible to see for S2 for HRT = 11 days, where the 
instability is smoothed out in the subsequent 2 HRT.

Table 4  Fano factor evaluation considering the total data for each 
HRT

FF × 102 HRT I HRT II HRT III

S1 9.8541 6.0562 1.8761
S2 0.3625 0.1551 1.7216

Fig. 6  Fano factor evaluated 
for each HRT unit time for the 
tested HRT I, II, and III
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Energetic performance of the TSAD

As a result of the different biological pathways that lead to 
hydrogen and methane production at a cellular level, the pro-
ductivity of  H2 in S1 is higher than that of  CH4 in S2, over 
the 4:1–5:1 range (see Fig. 5), but considering that LHVCH4

 
is more than 3.4 times greater than LHVH2

 (see “Efficiency 
(η) and efficacy (ζ) evaluations”), and that the volume of S2 
is ten times that of S1, the most important contribution to 
the overall energy is the methanogenic one. The cumulative 
energy produced in S1 and S2 is shown in Fig. 7; the slopes 
of the curves provide an estimation of the mean daily rate 
at which the energy is produced for each operative HRT, 
while the correlation coefficients (R2) judges the good-
ness of the estimations. The daily energy production rate 
for methane is more than one order of magnitude higher 
than that of hydrogen. The  CH4 slope (MJ/day) increases as 
HRT decreases, probably due to the higher OLR, while the 
energy produced daily for  H2 is not affected significantly by 
the operative HRT. Although the  CH4 production shows a 
larger standard deviation (R2) for condition III, due to the 
transition II → III, this deviation is in agreement with the 
FF value of 1.72 × 10−2 reported in Table 4. Finally, the III 
condition (HRT = 11 days) produces more energy per day, 
but it is more unstable than the longer HRT.

Table 3 offers a compendium of the operative conditions 
tested along with the performance results obtained for S1 
and S2 for the TSAD system. The share of  H2 that contrib-
utes to the overall cumulative produced energy represents 
only 12.15% for I, 12.25% for II, and 7.6% for III, and it can 
be estimated from the ratio of the slopes of the hydrogen and 
methane curves presented in Fig. 7. Luo et al. [27] studied a 

TSAD with different HRT relations between S1 and S2, that 
is, of 3:14 and 1:14, and they achieved an energy recovery 
of  H2 accounting for 14% of the overall energy, an outcome 
which is in agreement with the results of this work. The 
daily energy production data, presented in Table 3, represent 
the mean values, computed on a daily basis and, therefore, 
differ marginally from the slopes in Fig. 7. In addition, from 
Table 3 it is possible to see that TSAD is able to manage 
higher OLR than one-step-AD, which is of 3–4 gVS/(L day), 
which is a very important aspect for the full-scale applica-
tion [28].

To apply the energy performance evaluation procedure 
highlighted in “Efficiency (η) and efficacy (ζ) evaluations”, 
the experimental measurement of the LHV of OMW was 
used to determine the energy content of the substrate. In the 
biogas technology field, different methods have been pro-
posed to evaluate the maximum amount of energy that can 
be obtained from organic wastes. In the authors’ opinion, 
the use of an LHV value offers a more standard approach 
than BMP tests, which can be ambiguous as a result of the 
lack of a generally accepted standard measurement protocol 
[29] and due to the difficulties associated with the repli-
cability of these tests, which can generate large uncertain-
ties, which, in some cases, are beyond acceptable thresh-
olds. Instead, the experimental evaluation of LHV follows 
a standard procedure that can be employed for any kind of 
fuel, of either a biological or chemical nature [30]. In fact, 
LHV has been related to the degree of reduction of bio-
logical systems [31] and different empirical correlations 
have been proposed to link LHV to the measurement of the 
chemical oxygen demand (COD) and to the DM or VS for 
sewage sludges [30]. The experimentally tested  LHVOMW 

Fig. 7  Cumulative energy pro-
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was around 14,538 kJ/kgDM, with a relative uncertainty of 
± 10%, which was due to the fluctuations in the composition 
of the mixed collected fruit and vegetables, along with sea-
sonal changes. The application of Eq. (3) led to the results 
of η reported in Table 3 for each tested HRT. These results 
showed that the best energetic performance of the TSAD 
system was achieved at operative condition III, i.e., for the 
shortest HRT and the highest OLR for S2. As far as the effi-
cacy ζ of the TSAD compared to the classic one-step AD 
is concerned, Table 3 reports the results of the application 
of Eq. 4, with reference values (Eq. 5) of  EpAD of 139.27, 
192.67, and 188.55 (kJ/day) for I, II, and III, respectively. 
From Table 3, it is possible to see that the quantity of energy 
produced in the TSAD process, even though affected by the 
different HRT conditions, is about 20% higher than that of 
one-step AD. The efficacy indicator quantifies the improve-
ments, albeit only in terms of energetic performance. In fact, 
the lower bioreactor volume in TSAD, as a consequence of 
the lower HRT than in one-step-AD, also needs to be con-
sidered, as reported above.

Some authors have suggested that TSAD is not suitable 
for all the substrates. Linder et al. [32] have recently tested 
TSAD for different feedstocks and concluded that it is more 
suitable for sugar-rich feeds. However, in their experimen-
tal set-up, it is difficult to understand whether a clear dif-
ference of HRT between the acidogenic and the methano-
genic bioreactor was considered. In the authors’ opinion, 
HRT plays a fundamental role in ensuring the separation 
of microbiome HPB and HCB in S1, along with process 
parameters that should be controlled. The present experi-
mental tests were conducted with OMW, which is a very 
complex feed containing carbohydrates, lignocellulose, and 
other organic material, and the obtained results confirm 

that the microbiome in either S1 or S2 adapted well to the 
used materials as a substrate to assure a stable bioenergy 
recovery. In addition, the obtained discharge water, used 
after filtration of the S2 effluent to dilute the OMW feed 
in S1, certainly contained HCB microbiomes, albeit at low 
concentrations. Considering that no  CH4 was detected in the 
gas output stream from S1 which means that the adopted 
strategy, mainly the kinetic selection of HCB and HPB, was 
effective in the separation of HCB microbiome in S1.

Table 5 shows the results of this study compared with lit-
erature data. The study of TSAD literature selected for com-
parison purposes only considered tests pertaining to different 
organic substrates, and only in continuous mode. The study 
by [30] did not consider hydrogen production in the first 
stage, since no hydrogen was produced in their system under 
steady-state operation conditions, due to the fact that both 
bioreactors were operated at the same HRT. It is interesting 
to note, in Table 5, that TSAD leads to flexibility, in terms 
of the variation of the organic substrate, that is, OLR and 
HRT, and that the obtained yields of hydrogen and methane 
depend on the substrate feed.

Finally, the process parameters for S1 and S2 are sum-
marised in Table 6, where the experimental observations of 
this work and the choices made to guarantee the long-term 
stability of the TSAD process towards a scale-up procedure 
are pointed out. TSAD is a growing technology in the field 
of bioenergy production, but also for material recovery. 
Moreover, it is gaining ground as one of the most interesting 
applications of MCE principles and it can help in the devel-
opment of innovative processes designs. The separation of 
microbiomes occurs in continuous TSAD to some extent as 
a result of the different initial inocula, but the process param-
eters and stressors (or selective pressure) are also critical 

Table 5  Comparison among continuous TSAD systems from literature

a Overall testing time in days
b Data were converted from COD to VS using the mean composition given for the substrate
c The feed was semi-continuous, but both bioreactors were operated in continuous-mode

References Substrate Yield (NL/gVS) OLR  [gVS/(L/day)] HRT (day) Timea (day) Temp. 
(°C)

S1  (H2) S2  (CH4) S1  (H2) S2  (CH4) S1 S2 S1 S2

[33] Food waste – 0.48 – – 30 30 120 55 55
[34] Swine manure + OMW 0.14 0.35 11.24 1.16 3 22 25 55 55
[35] Food waste 0.01 0.37–0.42 6.00–15.00 2.00–5.00 4 12 – 55 55
[36] Food waste – 0.31–0.61 – 0.81–4.84 1–5 5–30 30 38 38
[37]b Whey permeate 0.03–0.16 0.05–0.11 21.32–37.31 4.31–7.97 1 3 75 35 35
[38]b POME 0.11–0.13 0.14–0.19 13.33–40.00 4.95–5.07 2 15 120 55 31
[39]b POME 0.14 0.21 50 5.16 2 5 120 55 37
[40]c Maize silage 0.02–0.05 0.11–0.16 4.90–6.30 1.40–1.60 16.9 16.9 60 38 38
[41] Food waste 0.05–0.16 0.03–0.81 16.3 2.2–5.6 5 8–30 270 55 35
This study OMW 0.05–0.07 0.12–0.18 19.39–26.84 1.27–1.95 1.1–1.5 11–15 140 35 35
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aspects for the stability and the performance of the system 
over the long term; therefore, linking biological knowledge 
with process engineering can offer an opportunity for sus-
tainable solutions based on the emerging field of MCE.

Conclusion

The assessment of the energetic performance of the TSAD 
system is a laborious task, due to the considerable num-
ber of variables, such as feed variabilities (OMW), which 
is constituted by complex organic substrates, the inherent 
complexity of the biological systems of mixed cultures, and 
bioreactor spatial heterogeneities problems. The selection 
of the microbial consortia for S1 and S2, through an acidic 
treatment to enrich HPB, and the use of adequate stressors, 
mainly HRT based on the kinetic selection of the microor-
ganism parameters was effective, as no  CH4 was found in 
the produced gas in the hydrogen reactor. The correct selec-
tion of the microbiome for each bioreactor of the TSAD is 
fundamental to maintain the performance of the system for 
a long operational time at full scale. The choice to test the 
TSAD system for at least three cycles for each HRT condi-
tion of S2 proved to be useful, since S1 acts as a damping 
system, by ensuring a stable  CH4 production under steady-
state conditions. A very low amplitude of oscillations and 
progressive reduction were in fact observed in the methano-
genic bioreactor, as quantified by the Fano factor over time. 
As far as the stability analysis of the steady-state condition 
is concerned, HRT = 11 days seems to be more unstable 
than HRT = 12 days, and an even higher energy production 

resulted in the latter condition. In terms of energy recovery, 
as TSAD produced about 20% more than one-step AD, while 
the rationalisation and optimisation of HRT could result in 
significant reductions of the volume (and costs). As concerns 
the volume of the  CH4 fermenter, which is the largest one, 
it could be reduced to 1/3 or more the volume of a one-step 
AD. Finally, the managed OLR could be 4–5 times that of 
one-step-AD. The authors believe that the present results are 
very promising for the full-scale application of TSAD, even 
though additional experimental tests are still necessary for 
various substrates.
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