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Abstract
Plastics from fossil source are third after steel and cement among the most widespread
materials used in the buildings sector. Bioplastics are biopolymers that offer a sustainable
alternative due to their biodegradability and compostability. The edible first-generation
sugary-based feedstocks, having high costs that drive the market price even in presence of
a large-scale production of bioplastics, should be partly replaced by 2030 with non-edible
second-generation feedstocks based on recyclable organic solid agro-wastes according to
“Green Deal” of the European Union. The winemaking wastes used as feedstock for the
synthesis of biopolymer building blocks and reinforcing fillers could represent a suitable
option to reduce biopolymer costs and increase their competitiveness in plastic market.
Although bioplastic can solve more environmental issues, nonetheless the production
cycle does not always respect the principles of sustainability overall during biopolymer
recovery. The present feasibility study is aimed at taking the state of the art of bioplastics
in the buildings industry for promoting winemaking co-products into a circular system.
The literature data have been collected, consulted and empirically elaborated to find real
and potential opportunities, barriers and challenges of developing wine wastes (e.g. wine
shoots, grape pomace and wine lees) in the strategic market segment of bioclimatic
architecture.
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Introduction

Since the 1950s, about 8.3 billion tonnes (Bt) of plastics (only half in the last 13 years) from
fossil source have turned into waste [1], where only 9% is recycled and 12% is incinerated
with dangerous effects due to emission of toxic substances and global warming while the
remaining 79% ended up in landfills or dispersed in the environment [2]. Plastic disposal too
often is not carried out legally, being estimated that about 10 rivers in the world carry 90% of
the plastic transported at sea; that correspond to 8 million tonnes per year (t yr−1) [3]. If this
trend will not be stopped or reversed in the next years, 12 Bt yr−1 of non-biodegradable plastic
will be wasted by 2050 [4]. In particular, the packaging industry takes into account 98% of
crude oil, but it recycles only 5% of plastic [5]. It is estimated that around 270 thousand tonnes
of plastic-based wastes are floating in the oceans’ surfaces and rivers [6, 7], and micro-plastics
have reach the human food chains [8, 9] due to plastic ingestion and inhalation by marine
animals [10, 11].

The current system of plastics production is mainly linear, being based on fossil source with
low level of recycling [12]. For these reasons, it is necessary to use plastic material that meets
the biodegradability requirement of the European Union (EU). These specifications are useful
to define how and what bioplastic should be biodegraded into soil and water in the shortest
period of time to be defined as a biodegradable and compostable material according to the
bag’s label defined by EN 13432. There is greater demand in bioplastics than the past
supported by the increased availability of new feedstocks from the most varied agricultural
sectors [13], as well as by the biofuel supply chains [14] and agri-food industry [15].
Utilization of organic solid waste for bioplastics production plays a key role in the transition
from a linear economy model into an agri-based circular economy system [16]. Bio-based
building blocks and reinforcing fillers are mainly obtained from edible first-generation sugary-
based feedstocks that are economically unviable, being still too food competitive. The circular
economy action plan (CEAP) of the EU is addressed to stimulating the transition towards a
circular economy that will increase economic competitiveness, sustainable growth and new
jobs [17]. The European bioplastics industry must be included in this transition process as
major source of economic growth and jobs, since the European Commission (EC) has adopted
new strategies on sustainable plastics management as a part of the CEAP [18].

The global market of bioplastic is already growing by about 20 to 100% per year, being
expected that the EU will possess by 2021 around a quarter of the world’s bioplastics
production capacity [18]. The market share of the bioplastics industry employed 23,000 people
in 2013, and some forecasts estimated that this number can grow up to 300,000 jobs by 2030
with the right incentives in Europe. However, the price of bioplastic is still too higher than
conventional fossil-based plastics such as poly(ethyleneterephthalate) (PET) that still remains
the most competitive in California (USA) [19]. For this reason, the production of bioplastics
was only 2.1 million tonnes (Mt) (1.2 Mt of bio-based polymers and 0.9 Mt of biodegradable
polymers), which represents only 0.6% of the total produced polymers [20, 21]. Nonetheless,
the bioplastics market targets a number of industrial segments from food packaging and
gastronomy [22] to consumer electronics, automotive and aircrafts [14, 15]. In these market
segments, bioplastic is used to manufacture products for short-term use such as food catering
products, as well as for durable applications such as mobile phone cover or interior compo-
nents for cars. Bioplastic is much used to producing mulching film for covering greenhouses,
tunnels and agricultural lands [14].
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In order to make industrial processes for the bioplastics production that meet the principles
of sustainability and bioeconomy, new targets will be imposed by the EC overall regarding the
need of using inexpensive agro-based organic waste in place of expensive sugary-based
substrate from food/energy crops (wheat, corn, rapeseed, sugar cane, etc.) [20, 21]. Despite
the increased demand for biopolymers, the global market share of bio-composite in the
buildings sector, bioclimatic architecture and residential construction is still too limited due
to high manufacturing costs greatly associated to the materials used [23].

The purpose of this study is to focus feasibility for users and stakeholders to use inexpen-
sive raw materials based on non-edible second-generation feedstocks to make bio-based
materials in bioclimatic architecture. The paper has widely addressed its attention on potential
use of winemaking by-products for the synthesis of biopolymer for building blocks and
reinforcing fillers basing on the featured physicochemical characteristics of feedstock. After-
wards, it has considered an excellent case study of bioclimatic architecture whenever the
potential use of winemaking by-products to make eco-friendly bio-composites is presented and
discussed. Besides, some alternatives were explored in order to solve compatibility issues
between wine wastes and other agro-wastes for making bio-composite materials and what
alternatives could be used in place of hazardous solvents in biopolymer recovery which are
nowadays less emphasized than in the past by regulatory bodies for biopolymer recovery.

Novelty Statement

Despite a very comprehensive handbook on grape processing by-products [24] and more else
exhaustive review works dealing with the new trends of valorization of wine waste in
bioeconomy were found [25–29], there are very few papers addressed on the feasibility study
of using winemaking by-products as feedstock for the plastic industry in the buildings sector.

This study is focused on three aspects: the subject under consideration, the motivation why
the present study is performed and the detailed scope of the study. Although the aforemen-
tioned literature outlines the bioplastic market as a pillar for the green economy, nevertheless
biopolymers were still produced at lower amount and do not represent always a suitable
option, being still too expensive and food competitive. Nonetheless, the current state of the art
of using bioplastics from cheaper raw materials seemed to be insufficiently investigated in the
buildings industry despite this market segment covers a strategic sector that needs increasing
amount of eco-friendly bio-composite material at lower cost. On the other hand, the use of
winemaking co-products could represent a profitable option to reducing the production costs
and to increasing the amount of building blocks and reinforcing fillers [30]. Therefore, it will
be economically beneficial if the final price of biopolymers is taken into account in the life
cycle cost analyses for the buildings sector. By this way, the price would be decreased almost
proportionally because bio-composites would have more attractiveness due to the enhanced
technological properties [31–33].

The novelty of the work is established through a critical analysis of related issues showing
that most of the European’s projects are still addressed to sustainable biomaterials from
integrated biorefinery waste streams based on starchy derivatives of maize, sugar beet and
sugarcane rather than on winemaking by-products. Literature reports overlook the buildings
industry sector, although this sector employs about 1.5 million people in Europe accounting
revenue of more than 355 billion euro per year [34]. The motivation to perform this work is
based on the assumption that the global market for bioplastics is predicted to grow
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continuously over the next decades. The production capacities of bioplastics are predicted to
increase from around 2.11 Mt in 2019 to approximately 2.42 Mt by 2024 according to market
sharing given by the European Bioplastics in collaboration with the nova-Institute. Moreover,
requirements of eco-friendly biomaterials at low cost in bioclimatic architecture are increased
in accordance with the guidelines, recommendations and economic incentives (white/green
certificates) to improving the programs of energy efficiency and/or energy saving in the
residential buildings sector [35]. The question that the paper tried to answer is based on the
assumption that the portfolio of application resulted to be diversified in the EU because the
market share of buildings sector and bioclimatic architecture is increased. In fact, bioplastic is
potentially usable in the buildings structures and structural design more than in the past since it
represents the second manufacturing sector in demanding for plastic material, only preceded
by food packaging [36]. The scientific hypothesis that justifies the present study is based on
assumption of using solvents less toxic for human and environment in biopolymer recovery for
making bioplastic more safe and economically competitive, while maintaining high material
purity and industrial productivity of refined bio-composite [37, 38].

Methodology

The methodology used to perform this study is entirely based on an empirical approach by
consulting the updated references from several databases to drawing a feasibility study focused
on potential use of biopolymers from winemaking by-products in the buildings sector.

In order to identify and prioritize the literature consulted on which this review is based, the
most appropriate references were selected within the EU framework since the “Green Deal”
was a challenge for the “Italian National Agency for New Technologies, Energy and Sustain-
able Economic Development” (ENEA). Overall, I focused the present literature data basing on
the most recent scientific findings (up to 2021) by searching it with the common databases by
inputing the following keywords: “agri-based circular economy”, “biopolymer”, “bioclimatic
buildings design”, “bio-composite”, “sustainability” and “winemaking waste”. I selected the
most relevant papers and books overall in English language into Scopus database with high
scholar rating focusing on the circularity principles of bio-based economy. On the other hand, I
searched the main European projects from websites of Google Scholar and IEA (International
Energy Agency) – Bioenergy Task 42 – while technical reports, deliverables and regulatory
bodies were given from the EU and Bioplastics websites. A strong help was done by the
Research Gate platform and direct contacts with the corresponding authors of the most relevant
literature. At the end of searching works, a total of 62 references were selected and customized
for organizing and structuring the paper in order to give a feasibility study for users and
stakeholders that could be interested to converting winery waste into bio-composite for
buildings sector.

Results and Discussion

Concepts, Definitions, Legislation and Directives

Like plastics from fossil source, bioplastics are polymeric chains to confer particular require-
ments. However, it is quite usual to use the terms plastic and polymer as synonyms. A polymer
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is defined as “a molecule of high relative molecular mass, the structure of which essentially
comprises the multiple repetitions of units derived, actually or conceptually, from molecules of
low relative molecular mass” [39]. The term biopolymer identifies a group of materials with
the proper properties to be fully biodegraded in the environment, being originated from agri-
based biomass waste. Instead, the term biomass is defined by the European Directive 2009/28/
EC as “The biodegradable fraction of products, waste and residues of biological origin from
agriculture activity including vegetal and animal substances, forestry and related industrial
products, fisheries and aquaculture, as well as the biodegradable fraction of industrial and
municipal waste”. Such definitions have been received by the Italian legislation (Italian
Legislative Decree No. 387 of 2003). The term biodegradable indicates “a material that,
thanks to its chemical structure, is able to undergo a process in which microorganisms such as
bacteria and fungi metabolize the polymer chains into water, carbon dioxide (or methane), and
biomass under aerobic (or anaerobic) conditions” as defined by EN 13423 (industrial
compostability), EN 17033 (degradation on soil under weather conditions) and ASTM
D6691 (biodegradability in marine environment). Bio-based labels should be conformed to
the EU standards EN 16640 and EN 16785. These standards specify the calculation method
that should be adopted for determining the bio-based (carbon) content in monomers, polymers,
plastic materials and products based on the C14 content measurement or C14 method and
elemental analysis, respectively. Compostability labels should be certified according to the
standards EN 13432 and EN 14995 to be called a material as compostable. The Seedlings’
logo is a reliable label for industrial compostability which addresses the decision on purchasing
and disposing a product or packaging. Biodegradability does not necessarily include a
condition of biocompatibility or environmental sustainability [40]. The regulatory bodies
measured biodegradability through the quantity of carbon dioxide (CO2) produced at the fixed
time (EN 14046, ISO 14855) whose 90% level of CO2 should be considered as an acceptable
limit for the biodegradable mass during a period of 180 days (EN 13432). The attitudes of
biodegradability and compostability of bioplastic widely vary with temperature, stability and
oxygen content of the polymeric chains [15]. Some bioplastics are both biodegradable and
compostable and considered as a viable option to produce high-quality compost in a real
farming system [41].

Depending on the featured physicochemical properties, biodegradability ratio, microorgan-
isms and feedstocks used, bioplastics can be classified in the following categories [30]:
biodegradable polymers from fermentable biomass such as poly(L-lactic acid) (PLA),
poly(hydroxyalkanoates) (PHAs) and poly(3-hydroxybutyrate) (PHB); biodegradable poly-
mers of petrochemical origin such as poly(butylene adipate/terephthalate) (PBAT),
poly(butylene succinate) (PBS), poly(butylene succinate adipate) (PBSA), poly(methylene
adipate/terephthalate) (PTMAT) and poly(ε-caprolactone) (PCL); and non-biodegradable bio-
polymers of petrochemical origin such as poly(ethylene) (PE). The most recent studies were
addressed towards biopolymers produced by microbial fermentation using growth substrates
from plant waste, forestry residues, food waste, agro-industrial waste and biofuel chain co-
products derived from a circular economy system overall based on the biorefinery approaches
[14]. Such biomass contains nutrients to allow growth and multiplication of microbial cells
(overall bacteria, but also yeasts are nowadays most studied). PHA and PHBmake up the main
stocks of nutrients for bacteria and yeasts under unfavourable growth conditions [42] that are
synthesized from about 300 bacteria species belonging to 90 genera [13]. Accumulation of
metabolites for cell survival along the time, including high value-added lipids, occurs when
microbes are deprived of some macro-micronutrients with the presence of abundant carbon
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sources in fermentation substrate. Afterwards, some reserve molecules such as
polyphosphates, lipids and overall PHAs were accumulated in the cells whenever PHA takes
the form of white granules (from 0.2- to 0.7-μm diameter) [43]. Production of PHAs from
inexpensive second-generation feedstock is accepted as a viable strategy that does not compete
with the food sector, although the scaling up to industrial scale remains still a challenge. The
main characteristics of PHAs are thermo-plasticity, biodegradability, biocompatibility, inde-
pendence from fossil sources, fragility and elasticity, molecular design ability and poor
permeability to gases and vapours. Biodegradability is linked to the presence of enzymes in
the environment (overall soil and water), but it does not mean that the process is always
triggered and how long it takes. Viscosity must be low sufficiently to allow the removal from
the finished product, while boiling temperature of the process must allow to achieve and
maintain a proper viscosity without excessive energy requirement when applied up to indus-
trial scale. Another key factor is due to conversion ratio in fermenter between the amounts of
substrates added and PHAs produced. For instance, if 100-g PHAs are theoretically produced
in 50 h from a litre of substrate (2 g l−1 h−1), a fermenter of 20 m3 capacity will be needed to
produce 10 t of PHAs in 250 h. But, if the real productivity is reduced to 50%, a fermenter of
40 m3 (un-published data) will be required. Some studies demonstrated that an increase in
productivity of 60% (from 1.98 to 3.2 g l−1 h−1) leads to a decrease in costs up to 10% [44].
Further studies encourage players and stakeholders of making bioplastics from inexpensive
sources with high recycling potential to reducing the total processing costs up to 30% [45].

Potentiality of Winery By-products for Bioplastics

Table 1 summarizes some commodities and their main application fields coming from
integrated biorefineries to producing bioplastics using diversified feedstocks of plant waste,
food waste, agro-industrial waste, biofuel co-products and unavoidable agri-based wastes
where fermentation substrates are currently used to produce bioplastics thanks to biological
action of selected bacteria. Particularly, winery industry is one of the agri-food sectors that
produce a waste surplus, although legislation tends to define it with the term co/by-product for
allowing the reuse of such biomass waste in new productive cycles rather than be wasted.
Wine global production was 29.2 million hectolitres (Mhl) in 2018, where Europe was the
leading producer (57% of the total production) followed by the Americas (26%), Asia (7.5%),
Australia (5.4%) and Africa (4.5%). The top five wine producers include Italy (18.8% of the
total production) followed by France (16.6%), Spain (15.2%), USA (8.2%) and Argentina
(5%) [46, 47]. In Italy, the annual production of wine grapes amounts to an average of 53
million q corresponding to 45 Mhl of wine [46, 47].

Authors estimated that the winemaking supply chains generate approximately 0.3–0.5 kg of
wine by-products per litre of wine, but should be taken into account the by-products generated
during the pruning seasons [47, 48]. Figure 1 shows the winemaking flowcharts of both red
and white wine with associated solid wastes that are currently generated. The main co-products
from wine industry can be classified in the following categories [30]: (a) wine shoots, the non-
wood lignocellulosic agricultural residues discarded during vine pruning; (b) grape stalks (or
stems, rasps), the woody-herbaceous structure of the bunch of grapes that can constitute
between 1.4 and 7% by weight of the fruit [49]; (c) grape pomace and grape peels, the solid
residues from pressing that are homogeneous mass whose appearance, consistency and
chemical composition depend on the agronomic practices of wine grape (climate conditions,
soil features, cultivar, pruning technique, ripening stage, etc.) and winemaking technique

Circular Economy and Sustainability



Ta
bl
e
1

C
om

m
od
iti
es

an
d
th
ei
r
m
ai
n
ap
pl
ic
at
io
n
fi
el
ds

fr
om

pl
an
tw

as
te
,f
or
es
tr
y
re
si
du
es
,f
oo
d
w
as
te
,a
gr
o-
in
du
st
ri
al
w
as
te
an
d
bi
of
ue
lc
o-
pr
od
uc
ts
fr
om

a
ci
rc
ul
ar
ec
on
om

y
sy
st
em

ba
se
d
on

bi
or
ef
in
er
y
ap
pr
oa
ch
es

(s
ou
rc
e:
[1
3,

14
])

Fe
ed
st
oc
k

R
aw

m
at
er
ia
l

Pr
oc
es
si
ng

B
y-
pr
od
uc
t

C
om

m
od
ity

an
d
m
ai
n
ap
pl
ic
at
io
n
fi
el
d(
*)

-
Pr
oc
es
si
ng

re
si
du
es

fr
om

su
ga
ry

in
du
st
ry
:

m
ol
as
se
s,
be
et
-t
op
,b

ee
t-
pu
lp
,e
tc
.

-
Su

ga
ry

co
-p
ro
du
ct
s
fr
om

th
e
bi
o-
et
ha
no
l

ch
ai
n:

su
ga
r
be
et
ba
ga
ss
e
an
d
pu
lp
,

cr
op
pi
ng

re
si
du
e
(r
oo
ts
,t
ub
er
s,
rh
iz
om

es
,

bu
lb
s,
et
c.
)

-
C
o-
pr
od
uc
ts
an
d
re
si
du
es

fr
om

su
ga
rc
an
e

an
d
ca
ss
av
a
ba
ga
ss
e,
st
ar
ch
y
m
at
er
ia
ls

fr
om

po
ta
to
,t
ap
io
ca
,c
or
n
st
ov
er
,w

he
at

st
ra
w
,w

he
at
br
an
,l
ig
no
ce
llu

lo
se
/h
em

ic
el
lu
lo
se

hy
dr
ol
ys
at
es
,J
er
us
al
em

ar
tic
ho
ke
,b

ee
t

m
ol
as
se
s,
ry
e
fl
ou
r,
sw

ee
t
so
rg
hu
m
,c
ar
ro
t

pr
oc
es
si
ng

w
as
te
an
d
m
ol
as
se
s
sp
en
t
w
as
h

-
U
nm

ar
ke
ta
bl
e
su
ga
ry

fr
ui
t
an
d
ve
ge
ta
bl
e:

po
ta
to
es
,a
pp
le
s,
pe
ac
he
s,
st
ra
w
be
rr
ie
s,

ca
rr
ot
s,
be
et
s,
et
c.

-
V
eg
et
ab
le
pr
oc
es
si
ng

le
ft
ov
er
s

-
C
ro
p
w
as
te
:
po
ta
to
es
,c
or
n
an
d
su
ga
rc
an
e
st
al
k

St
ar
ch
,g

lu
co
se
,

fr
uc
to
se
,s
uc
ro
se

Fe
rm

en
ta
tio

n
by

ba
ct
er
ia

Su
cc
in
ic
ac
id

B
io
pl
as
tic
s,
fo
od

ad
di
tiv

e,
su
rf
ac
ta
nt
s,

de
te
rg
en
ts
,s
ol
ve
nt
s,
te
xt
ile
s,

ph
ar
m
ac
eu
tic
al
dr
ug
s

L
ac
tic

ac
id

Po
ly
(L
-l
ac
tic

ac
id
)

(P
L
A
)

-
F
oo
d
pa
ck
ag
in
g
an
d
be
ve
ra
ge
s,

po
ly
m
er
s,
te
xt
ile
s

-
B
io
m
ed
ic
al
ap
pl
ic
at
io
ns

in
th
e
fi
el
ds

of
su
tu
re
,b

on
e
fi
xa
tio

n
m
at
er
ia
l,
dr
ug

de
liv
er
y
an
d
tis
su
e
en
gi
ne
er
in
g

A
ce
tic

ac
id

-
P
ro
du
ct
io
n
of

po
ly
(e
th
yl
en
e

te
re
ph
th
al
at
e)

(P
E
T)

fo
r
fo
od

pa
ck
ag
in
g,

te
xt
ile
s
an
d
fil
m
s

-
Pr
od
uc
tio

n
of

fo
od

ad
di
tiv

e,
in
du
st
ri
al

ch
em

ic
al
s

-
Pr
od
uc
tio

n
of

et
hy
l
ac
et
at
e
as

so
lv
en
t,

gl
ue
s,
fi
br
es

Po
ly
(h
yd
ro
xy
al
ka
no
at
es
)

(P
H
A
s)

Po
ly
(3
-h
yd
ro
xy
bu
ty
ra
te
)

(P
H
B
)

B
io
de
gr
ad
ab
le
pl
as
tic
s
fo
r
fil
m
s
an
d

pa
ck
ag
in
g,

fib
re
s,
co
at
in
gs
,f
oa
m
s,

m
ed
ic
al

an
d
ph
ar
m
ac
eu
tic
al

ap
pl
ic
at
io
ns

-
L
ig
no
ce
llu

lo
si
c
bi
om

as
s
fr
om

fo
re
st
ry

re
si
du
es
,

w
oo
d
pu
lp

an
d
w
oo
d
w
as
te
(w

oo
d
ch
ip
s,

w
oo
d
sh
av
in
gs
,a
sp
en

ch
ip
s,
ol
iv
e
br
as
h

re
si
du
es
,e
tc
.)

-
C
ro
p
re
si
du
es

(b
ra
nc
he
s,
fo
lia
ge
,e
tc
.)
;
cr
op

w
as
te
(c
or
n
st
al
ks
,r
ic
e
hu
sk
s,
co
bs
,w

he
at

st
ra
w
,e
tc
.)

C
el
lu
lo
se
,

he
m
ic
el
lu
lo
se

C
he
m
ic
al
-m

ec
ha
ni
ca
l

tr
ea
tm

en
t,

el
ec
tr
o-
sp
in
ni
ng

C
el
lu
lo
se

na
no
fi
br
es

-
B
io
pl
as
tic
s
fo
r
fo
od

pa
ck
ag
in
g
an
d

bi
od
eg
ra
da
bl
e
fil
m
s

-
B
io
pl
as
tic
s
fo
r
st
ru
ct
ur
al

co
m
po
si
te
s

in
bi
oc
lim

at
ic
bu
ild
in
gs

O
le
ag
in
ou
s
co
-p
ro
du
ct
s
fr
om

th
e
bi
od
ie
se
l
ch
ai
n:

oi
l-
le
ss

se
ed

ca
ke
s/
m
ea
ls
/p
el
le
ts
of

ed
ib
le

oi
ls
ee
d
of

ol
ea
gi
no
us

cr
op
s
(r
ap
e,
su
nf
lo
w
er
,

so
yb
ea
n
an
d
pa
lm

oi
l)
an
d
no
n-
ed
ib
le
oi
ls
ee
d

of
B
ra
ss
ic
a
ca
ri
na
ta
,j
at
ro
ph
a,
In
di
an

m
us
ta
rd
,

C
ra
m
be

ab
ys
si
ni
ca
,c
am

el
in
a
an
d
ca
no
la

Pr
ot
ei
n,

am
in
o

ac
id
,c
ar
bo
n

C
ho
pp
in
g,

dr
yi
ng
,

cu
bi
ng
,p

el
le
tiz
in
g

H
ig
h-
va
lu
e
pr
ot
ei
ns
,

es
se
nt
ia
l
am

in
o

ac
id
s
an
d
pu
re

ca
rb
on

-
L
iv
es
to
ck

fe
ed

fo
r
ru
m
in
an
ts
(c
at
tle
)

an
d
m
on
og
as
tr
ic
sp
ec
ie
s
(p
ou
ltr
y

an
d
pi
gs
)

-
B
io
-c
om

po
si
te
m
at
er
ia
lp

ol
ym

er
ic
an
d

th
er
m
op
la
st
ic
fr
om

so
yb
ea
n
m
ea
l

Circular Economy and Sustainability



Ta
bl
e
1

(c
on
tin

ue
d)

Fe
ed
st
oc
k

R
aw

m
at
er
ia
l

Pr
oc
es
si
ng

B
y-
pr
od
uc
t

C
om

m
od
ity

an
d
m
ai
n
ap
pl
ic
at
io
n
fi
el
d(
*)

-
Fo

od
,p

ap
er
,b

io
pl
as
tic
s,
ru
bb
er
,

lu
br
ic
an
ts
,s
oa
p,

co
sm

et
ic
s,
to
ile
tr
ie
s,

su
rf
ac
ta
nt
s,
ph
ar
m
ac
eu
tic
al
s,

fe
rt
ili
ze
rs
an
d
te
xt
ile
s
fr
om

pa
lm

oi
l

C
ru
de

gl
yc
er
in
e
fr
om

th
e

bi
od
ie
se
l
ch
ai
n

of
ed
ib
le
an
d
no
n-
ed
ib
le

ol
ea
gi
no
us

cr
op
s

C
ar
bo
n

O
il
tr
an
s-
es
te
ri
fi
ca
tio

n,
bi
o-
re
fi
ni
ng

B
io
-g
ly
ce
ri
ne

-
B
io
pl
as
tic
s
or

fo
od

pa
ck
ag
in
g
an
d

bi
od
eg
ra
da
bl
e
fil
m
s

-
Fo

od
an
d
be
ve
ra
ge

in
du
st
ri
es
;

pe
rs
on
al
ca
re

an
d
or
al
pr
od
uc
ts
;

m
ed
ic
al
an
d
ph
ar
m
ac
eu
tic
al

ap
pl
ic
at
io
n
an
d
ni
tr
o-
gl
yc
er
in
e;

liv
es
to
ck

fe
ed

ra
tio

ns
fo
r
pi
gs
;

bi
om

at
er
ia
la

pp
lic
at
io
ns

in
cl
ud
in
g

ch
em

ic
al
s,
m
on
om

er
s,
pl
as
tic
iz
er
s;

hy
dr
og
en

ge
ne
ra
tio
n
an
d
po
ly
es
te
r

pr
od
uc
tio

n;
ph
yt
os
an
ita
ry

ap
pl
ic
at
io
n

(a
dd
iti
ve
,c
on
ju
ga
te
,s
yn
th
es
is
of

ca
rb
am

at
es
,c
ar
ri
er

of
an
tib

io
tic
s)

-
C
oo
ki
ng

oi
l

-
E
xh
au
st
ed

en
gi
ne

oi
l

-
A
ni
m
al
fa
t

M
ed
iu
m
-
an
d
lo
ng
-c
ha
in

of
fa
tty

ac
id

un
its

R
ef
in
in
g

L
ip
id
s,
tr
ig
ly
ce
ri
de
s,

di
-g
ly
ce
ri
de
s,

m
on
o-
gl
yc
er
id
es

B
io
de
gr
ad
ab
le
pl
as
tic
s
us
ed

in
fil
m
s

an
d
pa
ck
ag
in
g,

fib
re
s,
co
at
in
gs
,

fo
am

s,
m
ed
ic
al

an
d
ph
ar
m
ac
eu
tic
al

ap
pl
ic
at
io
ns

R
es
id
ue
s
fr
om

w
in
er
y
in
du
st
ry

(s
ee

T
ab
le
2
fo
r
m
or
e
de
ta
ils
)

F
ru
ct
os
e,
lip

id
,

po
ly
ph
os
ph
at
es
,

po
ly
ph
en
ol
s,

an
th
oc
ya
ni
ns

an
d
ta
rt
ar
ic
ac
id

Fe
rm

en
ta
tio

n
by

ba
ct
er
ia

PH
A
s

L
ac
tic

ac
id

B
io
pl
as
tic
s
fo
r
st
ru
ct
ur
al

co
m
po
si
te
s

in
bi
oc
lim

at
ic
bu
ild
in
gs

Sp
en
t
co
ff
ee

gr
ou
nd
s

L
ip
id

Fe
rm

en
ta
tio

n
by

ba
ct
er
ia

PH
A
s

B
io
de
gr
ad
ab
le
pl
as
tic
s
us
ed

in
fil
m
s

an
d
pa
ck
ag
in
g,

fib
re
s,
co
at
in
gs
,

fo
am

s,
m
ed
ic
al

an
d
ph
ar
m
ac
eu
tic
al

ap
pl
ic
at
io
ns

O
liv
e
po
m
ac
e

O
il

A
na
er
ob
ic
fe
rm

en
ta
tio

n
PH

A
s

R
ap
es
ee
d
w
as
te

O
il

Fe
rm

en
ta
tio
n
by

ba
ct
er
ia

PH
A
s

W
he
at
st
ra
w

hy
dr
ol
ys
at
e

Pr
ot
ei
n

Fe
rm

en
ta
tio

n
by

ye
as
t

PH
A
s

G
ia
nt

re
ed

st
em

hy
dr
ol
ys
at
e

Pr
ot
ei
n

Fe
rm

en
ta
tio

n
by

ye
as
t

PH
A
s

(*
)
B
io
pl
as
tic
s
an
d
th
ei
r
ap
pl
ic
at
io
n
fi
el
ds

w
er
e
ita

lic
iz
ed

in
th
e
la
st
co
lu
m
n

Circular Economy and Sustainability



adopted for those specific geographical area where the wine is produced [50]; (d) grape seeds;
and (e) wine lees, where the latter consists of sediments fermented, tartaric acid and died cells
[40]. The main solid winemaking by-products are represented by vine shoots, grape stalks,
grape pomace (grape peels/grape seeds, about 1:1 weight ratio) and wine lees. Grape pomace
represent the most abundant fraction of by-products generated during winemaking processes
(20–25%), followed by wine lees (2–6%) and grape stalks (3–5%) [30]. In Italy, the potential
amount of by-products can be estimated as 8 million q of grape pomace (corresponding to 15%
of the grapes undergo to winemaking) and 2.25 Mhl of wine lees (corresponding to 5% of the
wine produced) [51]. Winery wastes generally were further reused in distillation, but more
frequently destined to landfilling and incineration, or more simply land-spread. Grape stalks
were usually wasted in land-spread (76% in Italy, 55% in Spain, and 40% in France), disposed
in landfill (50% in Greece), or incinerated (36% in France). Grape pomace was commonly
used in distillery (100% Italy, 90% France, 30–60% Spain) or wasted by land spreading (50%
in Spain), while in Greece they are mainly discarded to landfill (67%) or sold as animal fodder
(33%). Finally, vine shoots were usually spread on land or burned in the field, while wine lees

Fig. 1 Flowchart of winemaking process for producing red and white wine with associated solid wine co-
products (taken from [30] with the permission of the author)
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were distilled [30]. In Italy, winemaking by-products are overall delivered in distillery (Italian
Law No. 82 of 2006). Alternative to distillation should be carefully in the European scenario.
For instance, wine wastes should not be used as fertilizer or amendment of soil without pre-
treatments and conditioning due to their low pH, high organic matter and high concentrations
of macronutrients that can inhibit the germination of seeds [52]. Moreover, landfilling is
strongly discouraged since wine wastes affect the soil erosion and decrease the groundwater
quality, grape stalks and marc were currently most used for the extraction of antioxidant
compounds based on phenolic substances by using solvents [53], grape pomace cannot be
used as animal feed due to its high amount of polyphenols that bond with proteins [26, 54], and
distillation of wine by-products has been stopped by the regulatory bodies (Reg. No. 1308 of
2013—European Decree in the matter of wine waste disposal rules) [24].

The aforementioned issues lead winery wastes to be carefully reconsidered as inexpensive
non-edible second-generation feedstock to be recycled into bioplastic thanks to its own
lignocellulosic structure and high carbon content. Despite wine waste cannot still be recycled
into bioplastics due to legal limits (Italian Ministerial Decree No. 11/27 of 2008), the most
recent literature showed more else potentialities of wine by-products to be recycled into
bioplastics. In fact, wine waste can be reused as a raw material in microbial substrate for
biopolymer synthesis through the production of ethanol, lactic acid, PHAs and succinic acid
[30]. Figure 2 shows the hypothesized pathways for the valorization of solid winemaking by-
products as a feedstock to producing bio-based polymers. The reuse of such co-products into
biopolymers is allowed by high content of fermentable carbon sources for microbial feeding.
Meanwhile, the recycle of wine residues into bioplastics is hindered by antioxidant phenolic-

Fig. 2 Hypothesized pathways for the valorization of solid winemaking by-products as a feedstock for the
production of bio-based polymers (taken from [30] with the permission of the author)
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based substances (polyphenols, flavonoids and anthocyanins) and antimicrobial tannins that
can inhibit cellular growth and PHA accumulation in the cells. For these reasons, such
molecules should be previously removed from the substrate. These high value-added sub-
stances can be readdressed towards other profitable market segments, being currently used to
make edible protective films and novel food coatings to prolong shelf-life of minimally
processed fruit and vegetable [22] or other applications in the food sector (tannins), although
the latter is hardly removable from the raw material. Authors estimated that the extraction of
natural antioxidants (polyphenols, flavonoids and anthocyanins) from grape pomace by using
the supercritical CO2 extraction technique for the production and storage of PHAs in the cells
of a selected strain of Cupriavidus necator has produced weight surplus up to 0.2–0.25% of
biopolymer when compared to the raw biomass without extraction, thereby reaching a
production of about 1200 t yr−1 of biopolymer [55]. The literature has showed that there are
still divergent evidences about the positive correlation between the amount of pomace used in
fermenter (input) and biopolymer produced (output) [40]. However, thanks to the high
contents of carbon in grape pomace and tartaric acid in wine lees, potentially convertible into
PHAs and succinic acid respectively (Fig. 2), winemaking co-products represent a viable
feedstock to make biopolymers, thereby making it an optimal fermentation substrate after
polyphenol, flavonoid, anthocyanin and tannin removal.

Bioplastics to Buildings Sector

The buildings sector is the third in demand of bioplastics after steel and cement [56]. The main
requirements of bioplastics, before being employed in this manufacturing sector, are the
following: durability and resistance to decay for windows and doors, thermo-acoustic insula-
tion to increasing energy performance, lightness for reduction of transport and labour costs,
propensity to further reusing into new productive cycles by composting due to its biodegrad-
ability in soil, and low maintenance costs for hygienic coatings in civil homes and hospitals.

Regarding the mechanical properties, winery wastes could improve the stiffness of bio-
composites and decrease their tensile strength, meanwhile heat resistance, biodegradation rate
and vapour and/or water permeability could be increased using wine fillers. The following
three projects were selected within the EU framework to building blocks and reinforcing fillers
in bioclimatic architecture. The first EU-funded project, BIOREFINE-2G, has developed in
Italy novel processes to convert pentose-rich side-streams into biopolymers for bioclimatic
architecture (http://www.biorefine2g.eu/). The second EU-project has developed in Spain new
bio-based PHB and PBS from lignosulfonates, a category of lignocellulosic sugar waste, for
demanding fire-resistant materials (http://www.brigit-project.eu/). The third EU-funded pro-
ject, NANO3BIO, has developed in Germany microbial consortia of selected strains of fungi,
bacteria and microalgae to produce environmentally friendly chitosan that will serve as a raw
material for many applications including bioclimatic architecture (http://www.nano3bio.eu/
start/). Table 2 summarizes the main opportunities of wine by-products to be converted into
bio-based composites basing on chemical composition of the feedstock, processing technology
to producing lactic acid and PHAs, type of bio-composite obtained and physical and thermo-
gravimetric properties. In brief, from the table results, wine shoots, grape pomace and wine
lees are better winery wastes to be converted into bio-composites.

An excellent case study whose biopolymer was widely used in bioclimatic buildings is
given by the University of Stuttgart (Germany)—Institute of Building Structures and Structural
Design (ITKE)—that studies biopolymer application for innovative bio-composite materials.
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ArboSkin Pavilion was funded by the European fund for regional development. This exper-
imental pavilion was built with envelopes made of bio-polymeric materials that consist of a
series of triangular pyramidal modules of various sizes which combine among them to create a
double-curved surface self-supporting. The double-curved skin is formed by linking the
pyramids together with bracing rings and joists to create load-bearing walls (Fig. 3). Re-
searchers of the ITKE designed the freeform facade to demonstrate the structural properties of
a new bioplastic envelop for use in the construction industry. The bioplastic used in the
ArboSkin Pavilion project is called “Arboblend” and is an optimal design produced by
combining different biopolymers such as lignin—a by-product of the wood pulping process
and wine industry—with natural reinforcing fibres made of waxes and resins. The final results
are biomaterials composed by extrudable granules converted into sheets completely biode-
gradable, thermo-formable, pierceable, laminable and printables. The project team of ITKE
explained that “Thermoformable sheets of bioplastics will represent a resource-efficient
alternative to oil-based plastics, glass, or metal in the future, as they combine the high
malleability and recyclability of plastics with the environmental benefits of materials
consisting primarily of renewable resources”. Furthermore, thermo-formable sheets of
bioplastics allowed to obtain high-durability materials with good fire behaviour. Waste
material from manufacturing processes can be re-granulated and brought back into the
production process, while the sheets can be further re-granulated or subjected to composting
at the end of their life cycle (Fig. 4). Again, the international patent of high-density panels in
biopolymer fibres from agri-food waste for 90% of their weight comes from the ITKE’s
project team. These panels have a high degree of elasticity. They are completely recyclable and
compostable since they are made of biopolymer from starch of rice mixed with bio-composite
from winemaking by-products. In particular, the high content of silicates present in rice starch
conferred an excellent reaction to fire (DIN 4102-B1) to the refined material [57]. The panels
can be further recycled for many times or undergo composting at the end of their life cycle
[58].

Fig. 3 Spiky modules of the ArboSkin Pavilion in Stuttgart (Germany) made of bioplastic containing over 90%
renewable materials (freely downloaded from the Institute of Building Structures and Structural Design of the
University of Stuttgart)
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Although this scenario could implement the bioclimatic architecture since the life cycle of
biopolymers resulted to be longer than other application fields, nevertheless works on life
cycle assessment (LCA) were not featured. However, the main drivers that should be carefully
considered in LCA are composition of fermentation substrate, temperature and time of
biopolymer recovery, viscosity and boiling temperature of the refined biopolymer, productiv-
ity ratio and choice of the extraction solvent. At the current state, the production costs of
bioplastic remain still too prohibitive when using alternative solvent to chloroform in biopoly-
mer recovery [37, 38]. Thus, the global cost should be still substantially reduced to increase the
competitiveness of winery wastes towards the new niches of market.

Environmental and Economic Issues

Biopolymers are currently obtained from starchy-based by-products in fermentation substrate,
whenever starchy and sugary crops such as maize, sugar beet, sugarcane and potatoes were
removed from the food chains to producing biopolymer rather than food [59]. The global
production of bioplastics accounted to 2.11 Mt which required approximately 0.79 million
hectares (ha) of lands in 2019. In order to grow the needed feedstock for bioplastics produc-
tion, were required lands of around 0.02% of the global agricultural areas that correspond to
4.8 billion ha [18]. This scenario causes land consumption of about 15.7 million ha that
correspond to 0.3% of all agricultural areas of the world [60, 61]. In addition, since the
increasing amount of carbon to feed bacterial cultures needs further sugar addition, should be
provided an additional input of sugar in fermentable substrate whose cost is strictly related to
crude oil price. Therefore, the proper choice of cheaper substrates deeply determines the
incidence of the total cost of production followed by the equipment costs [59].

The main driver of biopolymer production is the productivity ratio, defined as the volume
of product obtained in the unit of time. Since the latter is a constant factor, products and

Fig. 4 Scheme of producing and recycling bioplastics of the ArboSkin Pavilion (freely downloaded from the
Institute of Building Structures and Structural Design of the University of Stuttgart)
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equipment vary consequently with the related costs. In order to rationalize the natural
resources, the limiting factor of using winemaking by-products for making bio-composite
materials is the lower productivity of biopolymer than starchy-based substrates [62]. Another
limiting factor concerns potential incompatibility between wine co-products and other agro-
based by-products. Removal of phenolic-based substances and tannins could be a suitable
option to solve this issue by avoiding growth inhibition or slowdown of microbial cultures.

The last critical issue of biopolymer production, but no less important, depends on the
PHA and PHB granule recovery from bacterial cells and their further purification.
Conventionally, by using solvents that allow granule collection by precipitation process
is the most used technique. The remaining solid residue, composed by dead cells and
residual biomass, can be further recycled into new fermentation cycles, thereby continu-
ing to feed the production cycle of PHB from wine lees [40]. This phase characterizes
and limits quality of refined biopolymer. In order to use quantitative reasoning by
comparing appropriate benchmarks, a series of risks and issues related to toxic solvent
that can compromise large-scale production of bioplastics should be taken into account.
The current use of flammable volatile solvents is linked to purity degree of the biopoly-
mer, a quality factor that could compromise its own performance. In fact, if the most
used solvent category belongs to chlorinated hydrocarbons (such as chloroform) that are
highly toxic, flammable, expensive and overall un-recyclable and hazardous for envi-
ronment, on the other hand, alternative molecules can affect the purity degree of
biopolymer. Alternatives to use of chloroform were found in literature. Authors focused
the issues related to recovery of PHBs from C. necator that significantly increased total
processing costs [38]. The adoption of efficient, economical viable and eco-friendly
extraction solvents for PHB recovery from the cells is increasingly needed for improving
the industrial production on larger scale. They tested an array of non-halogenated organic
solvents such as dimethyl sulfoxide, dimethyl formamide, ethylene carbonate, propanol,
methanol, hexane and acetic acid to recover PHB with different incubation temperatures
and times, here considered as the main variables that should be carefully monitored
during the bioplastic production cycle. These authors observed that the highest recovery
percentage (98.6%) and product purity (up to 98%) were correlated to ethylene
carbonate-based extraction carried out at 150°C for 60 min. Molecular weight of the
recovered PHB (average 1.3 × 106) was not significantly (p>0.05) related to the solvent
type or the extraction variables. The melting point of PHB extracted using ethylene
carbonate was 176.2°C with an enthalpy of fusion of 16.8% and a corresponding degree
of crystallinity of 59.2%. Other sustainable alternatives for biopolymer recovery can be
recorded. Another study deals with use of non-halogenated organic solvents, thereby
obtaining high degrees of purity of refined biopolymer. The same authors developed an
efficient and eco-friendly method for recovering PHB from C. necator by testing two
non-halogenated molecules [37]. They found that butyl acetate and ethyl acetate were
both suitable solvents for the biopolymer recovery. But, butyl acetate had a higher
recovery percentage (96%) and product purity (up to 99%) than ethyl acetate. In
addition, PHB recorded the highest molecular weight (average 1.4 × 106) in biopolymer
recovery when compared to chloroform. This study showed that butyl acetate is noticed
as a good alternative to chloroform in recovering PHB. In addition, temperature and time
of extraction, viscosity and boiling temperature of the refined biopolymer driven the
whole process and should be taken into account in relation to the choice of the most
proper solvent.
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Conclusion

The environmental issues related to plastic disposal are focus that the EU has imposed by 2030
with the “Green Deal” whose more research is addressed on new biopolymers from agri-based
biomass. In view of the crucial need across the world for sustainable materials, agro-waste
deems special importance for their reutilization, being employed for several practical purposes.
The cogent need to replace unrenewable plastics from fossil source with biodegradable and
compostable biomaterials is a fundamental challenge in the bioplastics industry. The paper
covers this theme providing some feasibility results that can help user and stakeholder to
recycle agro-wastes into the buildings sector according to the sustainability and circular
economic principles. In this sense, winemaking by-products can be truly an ideal substrate,
even if combined with other treatments to obtain antioxidant substances and tannins for food
packaging. The spreading use of winery waste in Europe (mainly in Italy) could reduce land
consumption, so freeing up economic resources. Moreover, in order to maintain high level of
productivity by using overall wine shoots, grape pomace and wine lees for microbial fermen-
tation, some opportunities in minimizing the production cost of feedstock were drawn. The use
of winery by-products as reinforcing fillers for making bio-composites in bioclimatic archi-
tecture is a suitable way since wine wastes are inexpensive (e.g., wine lees costs about 0.045
€/kg and grape pomace 0.022€/kg), abundant (especially in the EU and Italy) and easily
processed with relatively high temperature without significant efficiency loss. Winemaking
by-products could be a promising source of raw material for the buildings sector that needs
higher performance of the bio-composite materials than other applications. In order to maintain
a good degree of purity of the refined biopolymer, should be used eco-friendly solvents in
biopolymer recovery for safer handling of chemicals that, having costs comparable to chloro-
form, could obtain more savings. Nonetheless, the common use of chlorinated solvents still
remains a critical issue which has not been fully solved. Finally, LCA studies are still needed
to investigate in-depth the relationships among the costs sustained of using an adequate
fermenter capacity and the savings obtained by employing wine shoots, grape pomace and
wine lees when compared to other non-edible and inexpensive second-generation feedstocks.
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