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Introduction
Scientific and technological innovation is increasingly playing a role for achieving the major
breakthroughs for energy-saving solutions, waste valorization, and efficient integration of
renewable resources. Biorefinery can be considered indeed a sustainable innovation for
producing different high-value products without using any fossil energy source. Establishing a
biorefinery approach in the wine production chain is well suited for waste valorization and
sustainable management of resources. Each phase of winemaking indeed generates different
by-products, including pomace, lees and washing water, which are very rich in organic matter,
nitrogen and minerals. Such wastes have been delivered for years to distilleries for the
production of alcohol and the recovery of tartaric acid, while recently the current legislation has
been implemented to allow a controlled collection of wine waste for energy harvesting and the
extraction of molecules with a high added value for pharmaceutical, cosmetic and food
industry.
In this framework AGER (AGroalimentare E Ricerca, www.progettoager.it) has funded a
technology transfer activity (BIOVALE - Biorefinery: added value of wine by-products) with the
aim of introducing and developing in Italy an innovative model of integrated biorefinery, for the
sustainable management of the by-products of the wine industry. The BIOVALE biorefinery
model allows the valorization of either grape pomace through the supercritical CO2 extraction
of bioactive compounds (University of Udine – Prof. Carla Da Porto) or the valorization of wine
lees and washing waters through energy harvesting by means of bioelectrochemical systems
(University of Rome Tor Vergata – Prof. Silvia Licoccia). Biopolymers can be also produced by
volatile fatty acids extracted from grape pomace and wine lees (University of Bologna – Prof.
Lorenzo Bertin).
Bioelectrochemical systems for energy and/or hydrogen recovery from wine waste
Bioelectrochemical systems (BESs) allow harvesting the energy stored in low-value biomasses
(i.e., wastewaters) for a sustainable biotechnology [1]. This emerging technology offers a new
and transformative solution for integrated waste treatment and energy and resource recovery,
because it offers a flexible platform for both oxidation and reduction reaction oriented
processes. All BES share the same principle in the anode chamber in which biodegradable
substrates are oxidized by a unique group of microbes (i.e., exoelectrogen bacteria) to convert
the chemical energy stored in organic substrates to electrical energy during their anaerobic
respiration. By diversifying the reaction at the cathode side cathode, different sustainable
biotechnologies can be developed by utilizing this in situ current, such as direct power
generation (microbial fuel cells, MFCs), chemical production (microbial electrolysis cells,
MECs), or water desalination (microbial desalination cells, MDCs).
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The scientific activity of our research group (MaDE@UTV - http://made.uniroma2.it/) at the
Department of Chemical Science and Technologies of the University of Rome Tor Vergata has
been focused for years to the development of materials and components for
bioelectrochemical systems [2,3]. In collaboration with the RICICLA group of The University of
Milan (http://users.unimi.it/ricicla/index_en.html), we have recently demonstrated that MFC
technology is a viable alternative to conventional wastewater treatment processes, mainly
because it efficiently breaks down organic matter producing at the same electrical energy [4].
Also, agroindustrial wastes can be treated in a MFC, thus representing an economic resource
to create benefits
for the agricultural industry. In Italy, the wine industry is one of the most important agricultural
sectors, involving 2 thousand industrial companies with a production of over 50 million
hectoliter per tear in 2018, with an estimated value of 11 billion euros [5]. This high volume of
wine leads to the production of large amounts of lees and washing wastewaters which may
have a negative impact on environmental systems due to its acidic pH, a high organic load,
high content of polyphenols, macronutrients, micronutrients, and heavy metal content.
We have carried out an investigation on the use and valorization of wine industry by-products
for energy harvesting purposes by means of the MFC technology, and we discuss in this paper
main achievements, outlook and perspectives.

Experimental results: power generation and efficiency of waste treatment
White and red wine lees were stored at 4°C and characterized within one week from sampling.
Table 1 shows the corresponding chemical analysis in terms of pH, total chemical oxygen
demand (TCOD), and polyphenol content.
Sample
pH
TCOD (gL-1) Polyphenols (mgL-1) Pre-treatment
White wine lees 3.85 2.18
540
1/40 v/v
Red wine lees
3.96 120
2660
1/15 v/v
Table 1. Chemical analysis of wine lees: acidity (pH), total chemical oxygen demand (TCOD), and
polyphenol content.

Due to the strong acidity and high polyphenol content of both substrates, we optimized a pretreatment for the lees consisting in a dilution with 100 mM phosphate buffered saline (PBS) at
pH=7. Several dilution factors were explored in the range 1/10 to 1/50 (v/v) obtaining different
feedstocks for the MFC reactor which were assembled as described in our previous work [6].
Figure 1a shows a picture of the MFC prototype, consisting of a plexyglass chamber (V=28
mL, φ=5 cm, l=4 cm) with a brush anode made of a core of two titanium wires with graphite
fibers (Figure 2b). The cathode (φ= 3.8 cm, 7 cm2 total exposed surface area) is a carbon cloth
modified with PTFE to avoid liquid leakages while allowing oxygen diffusion from the air (Figure
2c).
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(a)

(b)

(c)

Figure 1. Picture of the MFC reactor (a), graphite brush anode (b), and carbon cloth cathode (c.).

The electrodes were connected to a potentiostat, and voltage generation cycles through an
external resistance of 1kΩ were acquired. The highest voltage was obtained for white lees
diluted by 1/40 v/v and red lees diluted by 1/15 v/v (Table 1), as results of an optimal balance
between acidity and organic load.
The optimized feedstock solution were used to evaluate power generation capability of wine
lees through the MFC process, and figure 2 shows polarization (a) and power density curves
(b).
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Figure 2. Polarization (a) and power density (b) curves of MFC reactors fed with either white lees or red
lees.

As indicated by Figure 2, MFC cells fed with white wine lees allow harvesting 277 mWm-2 at a
current density of 1 Am-2, while the electrochemical performance for the MFC fed with red wine
lees is lower (127 mWm-2 @ 350 mAm-2). Based on the reactor volume, we have also
calculated the volumetric power density, resulting 6.9 Wm-3 and 3.2 Wm-3 for white wine and
red wine lees, respectively.
The efficiency of wine lees treatment was also evaluated, in terms of reduction of organic load
and nitrogen. Table 2 shows the assessment of total chemical oxygen demand (TCOD),
biological oxygen demand (BOD5), and total nitrogen (Ntot), before and after the MFC
treatment.
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Parameter
COD (gO2L-1)

White wine lees

Red wine lees

in

out

in

out

10.1 ± 0.3

7.3 ± 0.9

6.4 ± 0.1

0.645 ± 0.1

0.55 ± 0.01 6.0 ± 0.2

0.12 ± 0.01

BOD5 (gO2L-1) 3.3 ± 0.2
Ntot (mgL-1)

148.5 ± 18.5 112.5 ± 1.9 135.0 ± 1.4 94.0 ± 4.5

Table 1. Organic load and total nitrogen content of white wine and red wine lees before and after the
MFC treatment.

In the MFC reactor fed with white wine lees, TCOD was reduced by about 90% while BOD5
was reduced by over 95%. In the case of red wine lees, COD e BOD romaval was 27% and
83%, respectively. This findings can be explained taking into account the low BOD/COD ratio
for the red wine lees (0.33); by contrast, the BOD/COD ration for the white wine lees is much
higher (0.93).
Moreover, the MFC treatment is also responsible for nitrogen removal in the lees (≈ 24% for
the red wine and ≈ 30% for the white wine lees): such decrease in nitrogen can be related to
ammonia reduction that decreased from 129.5 to 83.9 mg L-1 (red wine lees) and from 127.0
to 69.7 mg L-1 (white wine lees).

Conclusions and Outlook
The results obtained have indicated that the MFC treatments allows a very efficient reduction
of organics and nitrogen of wine lees. At the same time, electrical energy can be harvested
during the MFC process.
The efficiency of the treatments, in terms of both electrical energy gain and organics/nitrogen
removal is more efficient when MFCs are fed with white wine lees as compared to red wine
lees. This finding can be ascribed to the key role of a high BOD/COD ratio, and a low
polyphenol content of the white wine lees. Indeed, polyphenol have a toxic action on the
exoelectrogen bacteria selected during MFC operation. Our experimental results also allow
predicting that even the washing waters can be successfully used as a substrate in MFCs.
Given a dual advantage (energy harvesting and wine lees treatment), any wine-making
company could therefore benefit from a cost reduction for wine waste disposal by using MFCs:
at the end of the treatment, both electrical energy and purified lees can be used for irrigation
purposes, in a whole perspective of circular economy
This also would lead to evident benefits in terms of company’s image, with the opportunity to
be perceived as low-impact green environmental companies.
As demonstrated in our previous work, the MFC technology can be also used for olive mill
wastewaters in olive oil companies, thanks to the selection process of exoelectrogen bacteria
during growth on anode surface driven by the olive mill substrate [7]. Today, the disposal cost
for olive mill wastewaters in Italy ranges from 4 to 7 €m-3, accounting for about 182 million
euros for the whole italian olive oil sector. Hence, the MFC technology offers the possibility of
transforming a waste - with a high organic load - into a low-organic wastewater (-50%) which
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can be spread on the land, avoiding the limitations of current legislations and groundwater
pollution.
Although being at an early stage of development, BES technology has already shown its
potential as a very versatile technology, which can be adopted for the treatment of agroindustrial wastewaters of several origins. Hence, BES represent a high strategic value
innovation and, consequently, are expected to attract great interest from industry. In the long
term BES may play an important role in the "sustainable" global economy with no dependence
from fossil fuels enabling the production of electrical energy and/or hydrogen from waste,
allowing at the same time their treatment. In conclusion, BES represent a step towards an off
the grid, fossil fuel free energy generation system coupled to an innovative strategy for waste
management.
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Abstract
Scientific and technological innovation is increasingly playing a role for achieving the major
breakthroughs for energy-saving solutions, waste valorization, and efficient integration of renewable
resources. Biorefinery can be considered indeed a sustainable innovation for producing different highvalue products without using any fossil energy source. As depicted in Figure 1a, biorefinery in the wine
production chain allows obtaining bioactive molecules, biopolymers, and energy by recycling winery byproducts and waste (i.e., grape pomace, wine lees, washing waters). Thanks to its dual function of
harvesting energy from waste and cleaning up waste from organic pollutants, bioelectrochemical
systems, such as microbial fuel cells (MFC/MEC), provide a sustainable and low cost strategy for wine
waste valorization, management, and disposal (Figure 1 b). In this work, we will show the working
principle of MFC/MEC devices and the experimental results achieved in the frame work of the AGER
BIOVALE Project, which has been focused to harvest electrical energy and hydrogen from wine lees.
We will also dicuss the possibility of a technological trasfer of MFC technology to different agro-industrial
sectors to promote food sustainability and valorization of local agro-industries.

(a)
(b)
Figure 1. Schematics of (a) Biorefinery applied to the wine production chain; (b) an MFC device fed with
wine lees.
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