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Abstract 
A pilot scale biorefinery platform for the treatment of agro-waste and the production of hydrogen, methane and volatile 
fatty acids was studied in real environment. The system adopted was a two stage anaerobic process where hydrogen and 
volatile fatty acids were produced in the first phase (fermentation) and methane in the second one (digestion). The study 
demonstrated the possibility to produce a biogas composed by hydrogen and methane (10% and 55%, respectively) while 
recovering volatile fatty acids. The yield for acids production was equivalent to 0.13 gVFA/gTVS (as COD) with acetate 
and butyrate as dominant observed species.

Graphic Abstract
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Statement of Novelty

The bioeconomy approach requests for multi-feedstock and 
multi-purpose biorefinery platforms where agro-waste are 
valorised via the production of biobased products. In this 
paper we present the results deriving from a large pilot scale 
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study where the conventional anaerobic digestion process 
was modified into a two-step process for the concurrent pro-
duction of hydrogen volatile fatty acids and methane from 
cattle manure and grass silage.

Introduction

The agricultural wastes represent nowadays a consistent 
amount of the waste generated in EU achieving at least 50% 
of the fresh harvested crops [1]. In this scenario, the Circular 
Economy and the Bio-economy concepts intersect in their 
common aims to add value to biological waste and residues 
[2] through the smart management of agro-waste and their 
conversion into biobased products and biofuels avoiding 
harmful consequences on soils, water and air quality [3].

These agro-waste are mainly animal and vegetal residues 
which cannot be further processed into food or feed and 
need some kind of treatment to reduce their environmental 
burden.

These materials can however be considered as feedstocks 
for a bioeconomy approach and the production of biobased 
materials and biofuels rather than a mere waste [1, 4].

Today, at European level, these materials are treated 
mainly via anaerobic digestion: anaerobic digestion is in fact 
largely applied in the rural context because of its capability 
of stabilizing these organic residual matter while recovering 
biogas, thus renewable energy, and a renewable fertilizer, the 
digestate [5, 6]. Because of these specific features, more than 
15,000 farmbased AD plants are in operation in Europe [7].

Considering this scenario, we applied a multi-feedstock 
and multi-purpose biorefinery derived from the typical 
anaerobic digestion process [8] in order to recover an inter-
esting biofuel like bio-hythane, a mix of hydrogen and meth-
ane [9], and bio-based chemicals, like volatile fatty acids 
[10, 11] as precursors of polyhydrxyalkanoates [12, 13]. In 
fact, it is reported that producing biobased molecules from 
agro-waste instead of biofuels creates double economic 
added value [14].

This will be a fundamental step to drive society into a real 
and effective bioeconomy scenario; nowadays, in fact, only 
a small part of produced chemicals are of biobased origin: 
about 3% of chemicals [15], and about 2% of polymers [16] 
are originated from biological feedstock.

One important aspect to be considered is that agro-waste 
feedstock is seasonal and largely variable in composition 
and characteristics, therefore a robust biorefinery platform 
is needed to exploit such a feedstock [8].

Taking into account this scenario, in this paper we present 
the results of a pilot scale study where we considered a plat-
form able to convert livestock effluents and grass silage into 
hydrogen, methane, and volatile fatty acids (VFA) within 

the same bioprocess: 2 years of studies demonstrated the 
reliability and robustness of the proposed approach.

Materials and Methods

The experimental activity took place in a pilot scale plat-
form hosted at “La Torre” farm nearby a full-scale anaerobic 
digestion plant located in Isola della Scala, Verona, north-
east Italy, which treats around 150 tons per day of agricul-
tural waste in two anaerobic digesters with a size of 1 MW 
each one.

Figure 1 shows a graphical sketch of the general approach 
proposed: here livestock effluents and grass silage are trans-
formed into biofuels and biobased products like VFAs or 
PHA.

Pilot Scale Plant Description

The biorefinery plant could be divided into three main areas:

• Acidogenic fermentation for the Volatile fatty Acids pro-
duction (VFAs);

• Selection of the Storing PHA biomass and Accumulation 
of PHAs starting from the liquid phase of the fermentate;

Anaerobic Digestion, for the biogas and digestate produc-
tion using the solid part of the fermentation effluent.

The external storage tank was equipped with a weighing 
system for the control of the amount of material fed to the 
system. A mixer (diameter 1.3 m; height 1.8 m; 40 RPM) 
was used to homogenize the substrates. If necessary, the 
rotation system of the mixer could be inverted to increase the 
homogenization performances. A special centrifuge pump 
(Vidotto Dissipatori, model TM451) was used to grind and 
pump the feedstock material. The grinder and the pump were 
connectedto the fermenter through a series of pipes (diam-
eter 80 mm).The fermentation unit was a 4 m3 unit fed every 
day with 1 m3 of mixed feedstock from the external tank. 
The fermenter was temperature controlled by three electrical 
resistances (3 kW/each one) connected to a PT100 tempera-
ture probe with a tolerance of ± 0.1 °C with respect to the set 
temperature. The fermenter can operate both in mesophilic 
and thermophilic conditions. In this experimentation we 
operated at a temperature of 35 °C.

The operative conditions applied to the reactors are 
shown in Table 1. The fermentation process operated in 
mesophilic conditions with an average organic loading 
rate of 18 KgCOD/m3day and a hydraulic retention time of 
4 days to improve the conversion of particulate COD into 
VFA (volatile fatty acids) for the subsequently production 
of PHA.
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The anaerobic digester (1 m3 volume) was fed every 
day with 0.2 m3 of solid substrate coming from the sepa-
ration of the fermentative product by means of a screw 
press unit (Type SEPBIOH11502, WAMGROUP) for the 
solid/liquid separation of anaerobic fermentate. The screw 
press treatment capacity is 5 m3/h. The anaerobic digester 
worked under mesophilic conditions with an organic load-
ing rate of 3.6 kgCOD/m3day and hydraulic retention time 
of 25 days.

The liquid fraction obtained by screw-press separation 
(around 0.8 m3 per day) was sent through a screening unit 
(BAGONE-S) to remove the suspended solids and clarify 
the liquid which contains the VFAs.

The fermented liquid is then sent to two Sequencing 
Batch Reactors where a mixed microbial culture accumu-
lates poly-hydroxy-alkanoates (PHA) (this part is not dis-
cussed in this paper) [17].

Analysis

The effluents of the reactors were monitored one or more 
times per week throughlaboratory analysis of the param-
eters total and volatile solids (TS and TVS), chemical oxy-
gen demand (COD), Total Kjeldahl Nitrogen (TKN) and 
total phosphorus (TP) concentrations. The process stability 
parameters, namely pH, volatile Fatty Acid (VFA) content 
and speciation, total and partial alkalinity and ammonia 
 (NH3–N) were checked daily. All the analyses, except for 
volatile fatty acids (VFAs), were carried out in accordance 
with the standard methods for water and wastewater analysis 
[18]. When needed, protocols were modified to deal with 
semi-solid samples.

Alkalinity was measured using a Crison pH probe by 
titration with hydrochloric acid 0.12 N. The partial alkalin-
ity was calculated by titration till pH 5.75, and total alkalin-
ity was measured at pH of 4.3 [19]. The PO4-P determina-
tion was carried out using an ion chromatography system 
(Dionex ICS-900 with AS14 column), with a previous 
centrifugation of samples and filtration through membrane 
filters (Whatman, 0.45 μm). For VFA determination an ion 
chromatography system (Dionex ICS 1100 with AS23 col-
umn) was employed [20]. Samples were previously filtered 
at 0.20 μm. Biogas flowrate was measured by acidic water 
displacement during batch trials, and with automatic gas 
counters during continuous trials while biogas composition 
in terms of  CH4 and  CO2 concentrations was measured using 

Fig. 1  Novel biorefinery approach for the recovery of biofuels and biobased products

Table 1  Average operational conditions of anaerobic fermenter and 
anaerobic digestion units

Operational conditions Unit Acidogenic 
fermenter

Anaer-
obic 
digester

Hydraulic retention time 
(HRT)

Day 4 25

Organic loading rate (OLR) KgCOD/m3day 18 3.6
Working temperature °C 35 35
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a portable gas monitor. The model adopted for the measure 
was the GAS Counter BIOGAS 5000. As pretreatment of the 
biogas to analyse, an hydraulic guard has been established 
to remove as  H2S as possible.

Hydrogen content was determined by a gas-chromato-
graph (GC Agilent Technology 6890 N) equipped with the 
column HP-PLOT MOLESIEVE, 30 × 0.53 mm ID × 25 μm 
film, using a thermal conductivity detector and argon as gas 
carrier [9].

Results and Discussion

Feedstock and Effluents Characteristics

The feedstock fed to the biorefinery platform was a mix of 
cattle liquid manure and grass silage. Water was added to 
match up the desired final volume in order to keep the total 
solid content below 8% so to reduce viscosity and preventing 
pipes clogging. As an average, water was 30% of the total 
feeding mix, or 300 L per day.

The raw material, at a flowrate of 1 ton per day, was 
grinded through a special dedicated pump and fed to a 4 m3 
mesophilic anaerobic fermenter, where hydrogen and vola-
tile fatty acids (VFAs) were produced.

The characteristics of the fed streams are reported in 
Table 2, where the minimum and maximum observed values 
are reported. Characteristics of the two materials are in line 
with typical figures reported in literature [6].

The typical concentrations in terms of total and volatile 
solids along the process units are then reported in Table 3.

The characteristics of the fermenter effluent obtained 
applying the experimental conditions reported above 
(Table 1) are shown in Table 4.

During the anaerobic fermentation process 1.68 m3/day of 
biogas, mainly composed by  CO2, were produced. Hydrogen 
content, despite the favorable conditions in terms of pH at 
5.5, was low, typically < 10%, probably because of the high 
level of ammonia in the reactor [8]. Other studies where 

similar feedstocks were treated, reported hydrogen levels 
around 25–35% [21, 22] in the off gas of the fermentation 
unit.

The fermenter effluent showed an average solid concen-
tration around 7%, 55% of which being volatile, and a high 
soluble COD concentration, up to 37 gCOD/L. Regarding 
the VFAs production, only 8–10 gCOD/L were observed. 
It could be observed that most of the soluble molecules 
were not fermented into short chain compounds as already 
observed by other authors [10, 23].

As for volatile fatty acids production, Fig. 2 shows the 
observed VFAs concentrations which passed from initial 
concentrations around 4 gCOD/L to concentrations in the 
range 8–10 gCOD/L. Clearly, during the start-up phase 
when livestock manure was the dominant substrate, the 
VFA yield was low  (YVFA/COD 0.06 gCODVFA/gTVS) while 
in the following experimental periods, when grass silage, 
thus carbohydrates, was abundant, yields were in the range 
0.11–0.13 gCODVFA/gTVS.

These values are in line with typical yields reported in 
literature for similar substrates: Cavinato et al. [10] where 
the substrate used was corn straw hydrolisated with a pH 
value of 5.5, HRT of 4 days and kept in mesophilic con-
ditions (37  °C). The reported yields were in the range 
0.06–0.18 gCODVFA/gTVS with typical values between 
0.11 and 0.15 gCODVFA/gTVS. In literature yields as high 
as 0.2–0.3  gCODVFA/gTVS were also reported when cow 
manure and maize silage were fed to a system working at pH 
5.5, with a HRT of 4 days in mesophilic conditions (37 °C). 
[24]. If compared with yields obtained through the fermen-
tation of other residual organic substrates such as waste-
water sludge (0.2–0.3 gCOD/gTVS) [25] and food waste 

Table 2  Substrates characteristics

Parameter Unit Liquid 
manure

Water Grass 
residues

Mixture

% of feed % (W/W) 53–60 30 17–18 100
TS KgTS/tFM 80–95 – 350–400 71–74
TVS KgTVS/

tFM
70–73 – 313–360 63–64

COD KgO2/tFM 44–54 – 312–360 53–72
NH3 KgN/tFM 1–1.3 – 0.1–0.2 0.4–0.6
TKN KgN/tFM 1.9–3.6 – 4.7–5.9 1.3–2.4
TP KgP/tFM 0.3–0.7 – 1–2.3 0.2–0.6

Table 3  Total solids and total volatile solids of the pilot plant referred 
to each unit of the process

Unit TS (kg/m3) TVS (kg/m3)

Storage of raw materials 71–74 60–65
Fermentation unit 68–72 54–58
Fermented solid fraction 250–300 225–253
Fermented liquid fraction 43–48 34–43
Anaerobic digestate 150–160 120–140

Table 4  Main features of the 
fermentative product

Parameter Unit Fermentate

TS g/kg 68–72
TVS g/kg 54–58
sCOD g/L 34–37
NH3 g/L 0.3–0.9
TKN g/kg 0.6–1.2
TP g/kg 0.2–0.6
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(0.40–0.50 gCOD/gTVS), these values are in general low 
because of the high presence of lignin in the substrate that 
negatively affect the conversion of the feedstock into VFAs. 
In fact, reported VFAs productions for wastewater sludge 
are in the range 0.2–0.3 gCODVFA/gTVS while in the case 
of food waste yields can be as high as 0.40–0.50 gCODVFA/
gTVS [26, 27]. In this case VFAs represent up to 60–70% of 
the soluble COD detected in the system [23, 26].

With specific reference to VFAs concentrations, Table 5 
summarizes the typical concentrations observed for the 
different short chain VFAs, from  C2 to  C6, in steady state 
conditions.

Acetic acid was absolutely dominant, representing more 
than 80% of the VFAs mixture. This can be the case when 
short HRT are applied: in fact, other studies showed that 
both acetic and butiryc acid are dominant and typically 
show similar concentrations when HRT is increased from 
2 to 6 days [10]. Moreover, it should be recalled that due to 

the process pH, around 5.5, acetic and butyric acids coexist, 
while butyric acid is dominant only for pH around 6 [28].

Anaerobic fermentate underwent to a solid/liquid separa-
tion process. The solid phase effluent from the screw-press, 
equivalent in volume to 0.2 m3, was fed to a mesophilic 
anaerobic digester.

The characteristics of this stream are shown in Table 3.
The biogas production was equivalent to 15 m3/day for 

a specific biogas production equivalent of 0.35 m3/kgVS, a 
typical value for these materials [29].

As for the characteristics of the gas effluents, Table 6 
reports the values of the concentrations of  H2,  CH4 and  CO2, 
observed in biogas from both the fermentation and anaero-
bic digester units. The first process, in particular, achieved 
high concentration of  CO2 with little traces of  CH4 and  H2 
while the AD reached typical value of around 54% of  CH4 
and 46% of  CO2.

Digestate characteristics are reported in Table 7. These 
can be considered typical values for a digestate originated 
from agro-waste [30, 31]. In particular, the total solids con-
centrations were around 8%, total nitrogen and phosphorus 

Fig. 2  VFAs production along 120 days of experimentation: steady state conditions were observed after day 45

Table 5  VFAs range production

Volatile fatty acids Unit Range

Acetic acid gCOD/L 4.94–7.32
Propionic acid gCOD/L 0.72–1.23
Iso-butyric acid gCOD/L 0.05–0.40
Butiryic acid g gCOD/L 0.40–0.75
Iso-pentenoic acid gCOD/L 0.10–0.23
Pentanoic acid gCOD/L 0.12–0.21
Iso-caproic gCOD/L 0.01–0.03
Caproic acid gCOD/L 0.03–0.12

Table 6  Biogas composition from anaerobic and digester unit

Biogas composition Fermenter Anaerobic digester

Volume  (m3biogas/day) 1.68 15.00
CH4 (%) 12 ± 4% 54 ± 5%
CO2 (%) 75 ± 2% 46 ± 2%
H2 (%) 10 ± 2% /
SGP  (m3/KgTVS) 0.10 0.35
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concentrations were around 3 gN/L and 1.2 gP/L, respec-
tively, while ammonium and phosphate were at concentra-
tions around 1.5 gN/L and 0.6 g/L, respectively.

Mass Balance of the System

Figure  3 reports the mass balance of the biorefinery 
platform.

Around 1000 kg of agro-waste, resulting in 74 kg of dry 
matter, are mixed and grinded in order to better homogenize 
the feedstock and feed the anaerobic fermenter.

Then a solid/liquid separation unit is used to screen the 
liquid fraction in whicht the volatile fatty acids are solu-
bilized. The obtained solid stream (0.2 m3/day) results in 

around 40 kg/day of the original dry matter, while the resid-
ual part (32 kg/day) remained in the liquid stream (0.8 m3/
day).

The solid fraction is then used for feeding the anaerobic 
digester resulting in 15.

The separated solid part then underwent to anaerobic 
digestion and originated 15 m3/day of biogas.

Considering the liquid stream, 7 kg VFA were produced 
every day. As for nutrients, nitrogen was mainly present 
in the liquid phase (84% of the influent nitrogen), while 
phosphorus was equally distributed in the liquid and solid 
streams. These data are in line with previous studies on 
nutrients partitioning in digestate [32].

Conclusions

A biorefinery platform for the treatment of agro-waste was 
implemented at pilot scale in a real farm environment: bio-
fuels (methane and hydrogen) and VFAs were the main 
products.

The highest overall yield reached was 0.13 gCODVFA/
gTVS, which is similar to the value observed in previous 
studies for maize silage and manure (0.15 gCOD/gTVS).

The typical concentration for VFA were in the range 
10  gCOD/L. VFA were 21–27% of the total soluble 
COD (sCOD) indicating that complex organic molecules 
were only partially hydrolysed to short chian fatty acids. 
The nutrients recovered with digestate can be used for 

Table 7  Digestate characteristics

Parameter Unit Digestate

TS g/kg 83–86
TVS g/kg 72–75
SST g/kg 32.5–35
COD mgCOD/gTS 638–687
TKN gN/gTS 16–19
NH4–N mgN/L 1523–1716
TP mgN/L 12–14
pH – 7.5–8
Alk 5.7 mgCaCO3/L 11,500–12,180
Alk 4.3 mgCaCO3/L 13,250–15,360

Fig. 3  Mass balance of the biorefinery approach (products in red squares)
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agricultural purposes, while the overall production of 
hydrogen and methane was 10% and 12% in the fermenta-
tion unit and less than 1% and 54% in the anaerobic digester, 
respectively..
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