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Biopolymers: pros and cons

“In general, attempts to create something less harmful and more friendly to the
environment than traditional plastics are on the way for more than 30 years.
Formally, such plastics exist. There is a European standard EN 13432 “

New feedstock source -> avoiding fossil resources (fossils
are faster used than produced -> decreasing availability)

Lower contribution to global carbon footprint than
petrochemical-based polymers

New material properties

Diverse disposal options -> bio-degradable and bio- Pw e - Ns
—_—

compostable
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Biopolymers degradability

Degradability of biopolymers

UGHT
TEMPERATURE  "VATER

Biodegradable polymers differ from other plastics by possibility

to decompose in the environment under the influence of

» microorganisms and
» physical factors (UV radiation, temperature, ...)

Long chains of polymer molecules break down into carbon
dioxide and water, as well as methane, biomass and inorganic
compounds.

Microbiological degradation of synthetic biopolymers takes
place through the action of

» enzymes and

» acids and peroxides secretes from bacteria,

> fungi,

> yeast, etc.

Interesting for packaging materials,

but not preferable for PV
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Veronika Batori, Dan Akesson, Akram Zamani, Mohammad J. Taherzadeh, llona Sarvari Horvath, Anaerobic degradation of bioplastics: A review, Waste Management, Volume 80, 2018, Pages 406-413,

ISSN 0956-053X, https://doi.org/10.1016/j.wasman.2018.09.040.

www.pccl.at

4



Definition: Biopolymers

,Biopolymers are natural polymers produced by the cells of living organisms”
“Bioplastics are plastic materials produced from renewable biomass sources”

Biobased

s Drop-in

blopIGSth e oyl Biobased &
lobased bioplastic Biodegradable
Ag rD eg. biobased PE, Bioplastic
PET, PA, PTT, bio-PP eg. PLA, PHA,
polymers PBS, PHB, PGA
Starch Blends
B|odel\écr)g;jqb|e ....................................... B|odegr0dab|e

Bio-based
polymers

Conventional Biodegradable
plastics Bioplastic

eg. PE, PP PET, eg. PBAT, PCL,
PS, PVC : PBS, PVOH, PVA

Bio-polymers
1. generation

Bio-
degradable

Fossil-based

polymers

https://www.tainstruments.com/material-analysis-for-bioplastics-quality-assurance-and-degradation/
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Definition: Biopolymers }y PCCL

Polymer Competence Center Leoben

, Biopolymers are natural polymers produced by the cells of living organisms

Biopolymers
| |
Renewable natural sources Drop-in bioplastics

A
[ Agro-polymers !
' | \ Bio-polyethylene (Bio-PE),

: Bio-polyethylene terephthalate (Bio-PET),
Derived from bi Biosynthesized by gbt,amded f'lom 'l‘at‘l‘:l Biobased polyamide (bio- PA) ...
Crive m Dl1omass microorganisms env_e molecules by
biotechnology

| | |

I
Proteins . Poli(hidroxialcanoales) | Oligomeric lactic acid (OLA),
L?]:;gl . Polysaccharides pu— Poly(lactic acid) PLA, BIOPLASTICS

x Poly(butylene succinate) (PBS)...
Ve;etal soulrces cellulosic ‘!' o a )
7 , | (wood, cotton...) cellulose, Poly(hydroxybutyrate) (PHB),
Soya, and lignin carrageenan... | poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV), old ECO nomy
Gluten, pro:.iucts Polyhydroxybutyrate-co- hydroxyhexanoate (PHBH), +
Zein Starchs ‘—7—’ -~ Polyhydroxybutyrate-co-hydroxyoctonoate (PHBO),

Mucilage... (wheat, [Chemical modifications |Polyhydroxybulyrate-co-hydroxyoctadecanoate (PHBOGJ)...
S| maize, |  —— | Chemical novel | Drop-ins |
i Rubber LA :

Animal sources potatt;,...) Gallulose derivatives - I
' PR — Bio-polyesters Regenerated cellulose PHA
Sty |—=— é“"“"’"““”'m“n]“&“cl;"(mc" Cellulose acetates SEE
collagenf gelatin - Alginates | o groxypropyl methylcellulose (HPMC), Linoleum
(PeCtns,  Cellulose acetate (CA)... Starch blends
gums...) efc.
efc.
Balart, R.; Garcia-Garcia, D.; Fombuena, V.; Quiles-Carrillo, L.; Arrieta, M.P. Biopolymers from 1. Generation 2. Generation

Natural Resources. Polymers 2021, 13, 2532. https://doi.org/10.3390/polym1315253 www.pccl.at 6



Biopolymers production capacities and application }t PCCL
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9s of bioplastics 2021 (by market segment)

Bio-based worldwide 7.2 Mt
Fossil-based worldwide 348 Mt
Fossil-based Europe (EU28 + NO/CH) 65 Mt

Starch blends
Cellulose films s s
others

PTT
others

Plastics production trom 1950 to 2017 :iiTB'odegradable:g:T
® PA PLA 665
® PP PHA
-

492

Production (million tonnes)
> o o
o o o

(S
o
1

1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

Includes thermoplastics, polyurethanes, thermosets, elastomers, adhesives, Data sources: ﬁ
coatings and sealants and PP-fibres. Not included PET-, PA-, and polyacryl-fibres.  PlasticsEurope, Consultic and nova-Institute ~ © -Institute.eu | 2019

https://docs.european_bioplastics.org/publications/market_data/Report_Bioplastics._Market_Data 2021 short_version.pdf
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Biopolymers production capacities and application }t PCCL

Polymer Competence Center Leoben

» Currently bioplastics Global production capacities of bioplastics 2021 (by market segment)
account for a.pPrOXImately Bio-based/non-biodegradable @ PET Biodegradable PBAT
1 % of 335 million tons of ® PE ® PBS
i @ PA @ PLA 665
plastics produced annually ® P ® PHA
® PIT @ Starch blends
600 - @ others @ Cellulose films wovievs oo
) i § @® others

Plastics prod:f:n "f::em;sjo to 2017 § 492

S 8

- o

I :

I

Ichion Parmopiatc, GO retanes Taroue, sasrmers, e,

» One third is dedicated to
rigid and flexible packaging

> Less use in electronics,
construction, automotive

https://docs.european-bioplastics.org/publications/market_data/Report_Bioplastics_Market_Data_2021_short_version.pdf
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Biopolymer production 4‘& PCCL

Polymer Competence Center Leoben

Biopolymer production capacities

Bio-based polymers

Evolution of worldwide production capacities from 2018 to 2025 , N , ,
Global production capacities of bioplastics 2021

(by material type)
I Aiphatic polycarbonates (APC) [ JE
@ Other 1.0% 19.2% PBAT

R M Casein polymers (bio-based/ : ; s
4 I Cellulose acetate (CA) non-biodegradable) 3.5% PBS
c

I Epoxy resins ; :
< PE 9.5% >
S I Ethylene propylene diene monomer rubber (EPDM) o ’ 18.9% PLA ®
g Polyamides (PA) @ PET 6.2% ‘ : " /1.8% PHA @
= -00- T . Total: iy
= I Poly(butylene adipate-co-terephthalate) (PBAT) ® PA 9.1% " / 7164% Starch blends @
E 1 Polybutylene succinate (PBS) and copolymers e B 2-4t2 million /i
8 B Polyethylene (PE) AR R onnes /3.2% Cellulose films? @
| ) 1 0, e . sosmss
.‘5 I Polyethylene furancate (PEF) @ PEF OOA /12% Other
8 I Polyethylene terephthalate (PET) @ PTT 8.1% (biodegradable)
8 I Polyhydroxyalkanoates (PHA)
- I Polylactic acid (PLA)
-f-f I Polypropylene (PP) -
S I Polytrimetnylene terephthalate (PTT) 0000000 XXX XY
8 B Polyurethanes (PUR) Bio-based/non-biodegradable Biodegradable
E I Starch-containing polymer compounds 35.8% 64.2%

'PEF is currently in development and predicted to be available at commercial scale in 2023. 2 Regenerated cellulose films

18 0010 020 0005 AR AR
2018 210 2020 2025 Source: European Bioplastics, nova-Institute (2021)
ble at www.renewable-carbon.eu/graphics © -Institute.eu | 2 More information: www.european-bioplastics.org/market and www.bio-based.eu/markets
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Biopolymer project 4‘& PCCL
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Are biopolymers feasible for use in PV modules?
Which biopolymers would meet the requirements?

* Bio-PP, Bio-PA(6 and 6,6), same new starch plastics (acetylated starch)

Bio4Sun - Biogenic plastics for solar
technology applications

¢ Partially Bio-PET, Partially Bio-PEIT, Partially Bio-PBS, Partially Bio-PBA,
Partially Bio-PBSA, Partially bio-PBT

* Bio-succinic acid, Bio-PLA heat resistant

“This project aims at evaluating and testing the
potential and application of biogenic polymers, i.e.
y *Bio-PHA, Bio-PE
polymers based on renewable resources and/or 4 ‘Medium stage
. y i . *Partially Bio-epoxy resin, Partially Bio-PVC
biodegradable polymers, for the use as components
of photovoltaic or solar thermal devices.”

¢ Partially Bio-PUR

*Bio-PLA, Plastic from Starch, Bio-PA(11)

* Partually Bio-PTT, Partially Bio-PA (11)

Project Bio4Sun -

- powered by 4 rL%lr N
Duratlon: 04/2013 - 07/2014 fond ¢ Plastics from cellulose, alkyd resisns
Consortium:

=  Montanuniversitét Leoben - Chair for

: : : Siracusa V, Blanco |. Bio-Polyethylene (Bio-PE), Bio-Polypropylene (Bio-PP) and Bio-
Material Science and Test/ng Of Polymers Poly(ethylene terephthalate) (Bio-PET): Recent Developments in Bio-Based Polymers Analogous
= Po/ymer Competence Center Leoben to Petroleum-Derived Ones for Packaging and Engineering Applications. Polymers (Basel).

Funding. Klima- & Energiefond 2020;12(8):1641. Published 2020 Jul 23. d0i:10.3390/polym12081641
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Biopolymer investigation 4‘& PCCL

Polymer Competence Center Leoben

Investigation of Biopolymers for PV application

25 materials were selected and processed :gg D 250h = bt itin il

into films using flat film extrusion @ \[ b 500h ¥ Application-relevant

processes PBS 1000h == & aging-rel.evant

Properties
' . 50°C CA Bio-PA

The following material classes were 60°C _

investigated: 70°C 1/’ CAB PLA L
80°C [ Assessment for PV application

Polylactic acid and polylactic acid blends

Cellulose polymers

Biopolyethylenes Requirements to the material for application:

Polyhydroxyalkanoates * Processability by extrusion

Bio-thermoplastic elastomers * Application temperature range (-20°C - to 80 or 100°C)

Bio-polyamides « Mechanical properties

Bio-Polyester * Transparency

www.pccl.at 11



Biopolymer selection 4‘& PCCL

Polymer Competence Center Leoben

Aging procedure
- PBS, PHA2, PHA+Polyester, PP-W, TPA, TPC and the Xenon-
PBS/PSAC/PLA-blend do not exhibit a satisfactory Heating | | Z_’Z‘
service temperature range are excluded from further Material C:;‘:::gr Fleating chamber (ain) 500
investigation. e
35°C | 80°C | 50°C | 60°C | 70°C | 80°C 38°C
: Mechanical constraints furthermore exclude the PE- C, Biograde v | v v | v v v
i v v v v v v
LLD/PE-HD blend and the PE-LLD/PE-LD blend, all PHAs e
. . PTT-Sorona3301 4 v v v v
and their blends and Polyester W. The constraint of SELLDIPERD
v v v v v
processability excludes the PLA/PMMA-blend and PHB Terralenel L1303
from extended research mg;ﬁém v | v v
PLA+PE-HD v v v v v
= 11 biopolymers were selected and subjected to aging RTP115375
. PC+PLA v v v v v v
procedures (thermal, hydrolytic, UV) RTP126213
GriIID:r;lid Y Y Y Y Y Y
= Determination of the thermal, thermo-mechanical, SHA
. . . ’ v v v v v v
mechanical and spectroscopic property profile of the NatﬁfBeSP'ast
aged bioplastics Bionolle N I A A B
PTeFl;':’X v v v v v v v

www.pccl.at T2



Biopolymers 4‘& PCCL

Polymer Competence Center Leoben

Potential materials for PV modules and properties

1.0

Potential materials for PV modules:

= Encapsulant: PE
= Front cover: PA
= Backsheet: PA, Polytrimethylene Terephthalate (PTT)

Transmittance [-]

None of the materials fully met all the requirements

= Transparency of PE was comparatively low o — e

» PEis by a factor of 2 to 5 stiffer than standard EVA (I o
encapsulants %0550 1000 1500 2000 2500

=  PA melting temperature close to module lamination Wavelength [nm]
temperatures

= PTT has glass transition within standard operating
temperatures

= All materials would need stabilization in order to fulfill

the long-term stability requirements

Please be aware that the project

took place before the first PA
backsheet cracks appeared!

www.pccl.at 13



Biopolymers - Additives

Improvement of Biopolymer properties through additives

» Approx. 20 additives are used in polymeric materials
» Concentrations range from 0,05 — 70%
» Additives are used: to prevent degradation, adjust mechanical properties, ...

Common used additives:
 Antioxidants
* Light stabilizer
* Heat stabilizer
 Flame retardants
* |mpact modifier
e Plasticizer
* Fillers
 Colorants
e Lubricant

_ o ) ) . https://phoenixplastics.com/the-benefits-of-polymer-additives/
Biodegradable additives: to improve biodegradability

www.pccl.at 14



Cons for Biopolymers

Cons for Biopolymer in PV application

» Most Biopolymers do not meet PV requirements > Biodegradability

» Intense production procedure and modification (additives, ...) of biopolymers
counteracts environmental friendliness

» Use of agricultural land for feedstock -> potential issue in terms of increasing
biopolymer demand

PROS- . CONS

www.pccl.at 15



Biopolymer — production BIO-PE 4‘} PCCL

Polymer Competence Center Leoben

Biopolymer production

Polyethylene (Bio-PE) 1.15 ha
Ll 4361

0.46 ha 0.43 ha 1.01 ha 2.71ha T

7031ms 3605 m3 8642 m3 19663 m3 T,
n R 3o i =
]

S3i551E ‘ 27.26t 7.07t 10.76 t

Bio-
Ethanol®

Sugar

4,36t

TR H;0: 0.64t
]
EtOH: 0.44 t

elule tdy

| |

1 H20 . H20

[ ﬁ H'ldl‘ﬂ,ss -

1 Enzymes Dextrins

1

1

| |

i * Conversion rates:

1 Starch - Glucose 88 % > U:A sp
1 fermt. Sugar - Ethanol 48 % R
1 Ethanol - Ethene 48 %

L ]

{conventional technology)

References: Endies & Siebert-Raths 2011; iffland et al.
2015; Mohsenzadeh et al. 2017; Siracusa et al. 2020

Becker, Nico & Mundzeck, Lisa & Siebert-Raths,
Andrea. (2021). Biopolymers facts and statistics 2021 www.pcel.at 16



Biopolymer — production Bio-PET 4‘} PCCL

Polymer Competence Center Leoben

Biopolymer production

Polyethylene terephthalate (Bio-PET) Ll
100 % bio-based (Bio-PET 100)

030 I | :erl 1.76 ha
547 m3 1331- sm- 12 751 mt
- == ----- ----- ----- = _bm::u.u!t
w DaotE Hyl: 0011
LI 17.63¢L
L]
i Hz ' He (7]
: Efrymes Diexirir 0.23t
n
L]
: Ethene-
i
[]
L}
Dmega-Process (Shell) o o,
st GENO-Process T Tﬁ-
H;||:| o Conversion rates:

Starch - Glucose B8 %

Glucose - Ethanol 48 %

H;||:| Glucose - lsobutanol 39 %
ﬂ.“lllﬂl‘ 5“"'* Ethanaol - Ethene 48 %
Ethene - Etheneoxide 85 %
References: Akanuma et al. 2014; Clark et al.
H015; Collias et al. 2014; Endres & Siehert-Raths
H011; Iifland et al. 2015; Kawahe 2010;
* H]D: a1st

Hyl: 011 1 Memmo et al. 2018; Peters et al. 2011;

*auﬂ nest Wt (LB Ryan 2019; Siracusa et al. 2020; Taffe 2008

Becker, Nico & Mundzeck, Lisa & Siebert-Raths, Andrea. (2021). Biopolymers facts and statistics 2021

www.pccl.at 17



PV encapsulant demand 4‘} PCCL

Polymer Competence Center Leoben

(P InfoLink Unit 2021 2022F 2023F
Global PV demand GW 173 212 228
Module production GW 200 241 277
» Total demand of 91-7 §OO tons Modul;1panw$;20utput W 40 ca ceo
encapsulant material in 2021 ( - 182)
Module surface area m? 2.58 2.58 2.58

(780 000 tons EVA and 136 700
Film demand/GW  Bilionm? 0.0096  0.0095  0.0094

tons POE)
Global film demand Bilionm*  1.915 2.283 2.605
Share nfér‘;aAnsparent % son, 50% 48%
» Replacing of petrochemical- Share of white EVA % 23% 24% 23%
based EVA and POE -> Share of POE % 10% 9% 9%
approx. 1 Mio. tons biobased Share of EPE % 14% 17% 20%
encapsulant would be needed Weight g/m? 480 480 480
EVA demand 10,000tons ~ 78.1 93.1 105.4
POE demand 10,000tons  13.67 1629  19.17
Total 10000 9176 1093  124.53

tons
Source: PV InfoLink, CPIA

www.pccl.at 18
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Biopolymers - production capacity

Production capacities of Old and New economy bioplastics 2020

New Economy bioplastics production capacities by
material type

acities ip £
ﬁ;:a‘i’ 10 978 000 2020
Matural rubber
0 ,-"f
& 38.5% 244
bio-based/non-biodegradable B’“’“"""‘E"
Ig 1-{'[} []ﬂ{} polyesters
o Linokeum® 00000 12.8%
E starch blends
20.5 %
61.5 % PLA 2.1 %
2 total PHA
B oo 22 »
‘ . O O O O ~ '::;,l‘l.::: \t‘Q‘a Rogoneuttd
_\_\\-\x\‘ 1 : 3 % \O 2ullulon'
5 800 000 o Cues
Cellulosa? 3 5 5 % derivatives®
Bio-PP 30 6.9 %
6.6 % ’ 8.4 %Bzo-PET 30
VPLA, PHA, PTT, PBAT, Skarch blends, Drop-Ins (Bic-PE, Bic-PET, Bic-PA) and other \ Slodagruduble callelics aakn sopA ] 1'7‘% PTT
* Meteriel use excl. paper industry e s
* Conteing PBAT, P8BS, PCL

U Calculations include linseed il only
* Containg Bic-PE 30 end Bic-PE 100

» 2/3 of New Economy biopolymers are not suitable for PV application

www.pccl.at 19



Biopolymers - land use

Production capacities and land use of Old and New economy bioplastics

2020
acities ip in
a® ! 10978000 ause N ha
& - vl mter 12 000 000
..;::? ~" Watural rubber
L
> 140 000 56 000
E " Linokeom® " Linoleum®
=
833 000
Mew Economy bioplastics?
\
> 800 000 \2 900 000
Cellulose?

LpL#, PHA, PTT, PBAT, Skarch blends, Drop-Ins (Bic-PE, Bio-PET, Bic-PA) and other
! Meterial use excl. paper industry
1 Caleulations include linseed il only

Becker, Nico & Mundzeck, Lisa & Siebert-Raths, Andrea. (2021). Biopolymers facts and statistics 2021

www.pccl.at 20



Biopolymers - land use 4‘& PCCL

Polymer Competence Center Leoben

Land use estimation for bioplastics 2021 and 2026

GLOBAL AGRICULTURAL AREA

Pasture
3.3 billion ha

..Food & Feed

Land use for New Economy bioplastics 1.24 billion ha = 25%*

%, . Material use®**
- %, 2020and 2025 /106 millon ha ~ 2%
: e \9 BiOfueIs >Arab|e Iand:‘::’:
¢ 4 " 200 million ha = 4%%* 1.7 billion ha

T

Bioplastics
2021: 0.7 million ha= 0.013%*

2026: 2.9 million ha= 0.058%%*

- Bioplastics
/ 2020: 832 600 ha = 0.017 A

o

Source: Source: European Bioplastics (2021), FAO Stats (2020), nova-Institute (2021), and Institute ™" "’“"'°:;:,i’fb;’; "%{;“:‘,‘x";’fﬂgi‘f}:’:
for Bioplastics and Biocomposites (2019), University of Virginia (2016). Info: www.european-bioplastics.org  bioplastics s part of the 2% material use

*x

2025:1 123 900 ha = 0.022 %

Material use
106 million ha = 2.1%**

. Biofuels
53 million ha = 1.1%**

T Arable land*
3.5 billion ha 1.4 billion ha

A - ¢ L Moz » Minor land use for biopolymers feedstock compared
1 ¥ fallow land.
faiond b ialontion. to agriculture in total, but additional demand leads

** Percentage compared to total

agricultural area to prioritiZing —> Torti”a CriseS

1fBB - Institute for Bioplastics and Biocomposites (ed.): Biopolymers - facts and statistics 2021, Hanover 2021

www.pccl.at 21



Biopolymers — increasing demand 4‘} PCCL

Polymer Competence Center Leoben

» Installed capacity continous to double very three years

» Capacity deployed will be immense (BloombergNEF’s): Yeser ez Z Fraunhofer
+ 2021-150 GW .
e 2024 -300 GW

2027 -600 GW

—

o

o

o

o
1

i e e
e 2030-1.2TW

GWp FIGURE 1: EVOLUTION OF ANNUAL PV INSTALLATIONS 6000

160

140

120

100 - | |

BOD -

) 2020 2025 2030 2035 2040

) I | I I | I https://www.researchgate.net/publication/353549604 Levelized
o - — = = n N

_Cost_of Electricity_ Renewable Energy Technologies Version 2
2000 2001 2002 2003 2004 2005 2006 2000 2008 2009 2010 2011 2012 2013 2014 20015 2006 2017 2008 2019 2020

Cumulative installed capacity [GWp]

B Mon IEA PYPS Countries @ JEA PYPS Countries B Japan UsA  ®European Union B China

Source: [EA PVPS
.pccl.at 22



Biopolymers - price comparison }y PCCL

Polymer Competence Center Leoben

» Price level of biopolymers is higher than for petrochemical-based polymers

» Pricing often goes hand in hand with production volume

PRODUCTION CAPACITY [t/a] PRICE RANGE

Material Source Price (kag) Total Biopolymer Production: ~1.6 mt Market Volume: ~ 5.8 bn €
Lignocellulose fiber Plant 0.4-1.2 S M 12
Cellulose esters/ethers Plant/petrochemical 4.0-20.04 T G + ————————————
Starch Plant 0.2-2.0 !
Starch/polymer blends Plant, Plant 2.0-4.0 PAs10
Polylactic acid Plant 0-2.0
Polyhydroxyalkanoates (PHA) Plant 4.0-12.02 T
Polyethylene (PE) Petrochemicals 1.31-1.6
Polypropylene (PP) Petrochemicals 1.71-2.0
polyethylene terephthalate (PET) Petrochemicals 1.71-1.8 < 600,000
PS Petrochemicals 2.0-24 T Min: 1 €/kg
Polyvinylchloride (PVC) Petrochemicals 1.71-2.02 . '-9'9‘39-913-“?9'5’-'

P%E=I=W, ,.Em'm:e biobased petrobased
Institut fiir Biokunststofi

Maraveas, C. Environmental Sustainability of Greenhouse Covering Materials. S e titut fir Biokunststof
un; IOVerounawerksto
Sustainability 2019, 11, 6129. https://doi.org/10.3390/su11216129 S b 4

others

www.pccl.at



summary }& PCCL

Polymer Competence Center Leoben

Are biopolymers Most available biopolymers do not meet the
suitable for use in PV requirements of PV - Biodegradability
modules? Drop in biopolymers (e.g. bio-based PE, PET or PP)
would meet the requirements, as they are as they
are not distinguishable from conventional types

Large discrepancy between demand and production
capacity

Strong competition with packaging industry

Higher cost of bio-based polymers

Increasing the production capacity means increasing the
land use - competition with food production

What are the challenges for
replacing standard polymers with
bio-based polymers

www.pccl.at
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