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Abstract

Biobased and biodegradable materials such as polyhydroxyalkanoates (PHA) have great potential
as an alternative for conventional oil-based plastics in consumer goods and medical applications,
but their total market share is still marginal due to their high production costs. Downstream
processing, with high energy demand and significant requirements in oil-derived solvents and
chemicals, has been identified as one bottleneck in the PHA value chain. Hence, a thorough study
of the environmental performance of PHA recovery processes is essential to promote their
applicability. This work provides valuable insights on PHA downstream processing environmental
hotspots and how to optimize them accordingly. Eight PHA downstream alternative processes for
both high-grade and low-grade purification are evaluated from a techno-economic and an
environmental perspective, assessing scale-up possibilities and challenges. To reach this goal, both
scenario definition and process design were supported by a systematic review of available PHA
downstream methods and related life cycle assessments. Methods relying on solvent extraction
require large amounts of energy for solvent recovery, and thus, their higher performance in impurity
removal also entails larger costs and impacts in all categories, when compared to mechanical
disruption or chemical digestion. Therefore, solvent extraction is only recommended for those cases
where a higher quality is required, or solvents can be reasonably obtained from an integrated
biorefinery. Chemical digestion can be optimized by adding a chemicals recovery unit, while
mechanical disruption appears to be the most promising technology in terms of environmental
performance. Through this technoeconomic and environmental assessment, it is proved that PHAs
can be attractive materials for a sustainable bioeconomy if the process and product design
incorporate life cycle assessment such as the developed in this work.

Keywords

Polyhydroxyalkanoate extraction; Biorefinery; Biobased materials; Process optimisation; Life cycle

assessment
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Abbreviations

AD - Annual depreciation

AP — Acidification potential

ATP — Aquatic toxicity potential

CH — Switzerland

COD - Chemical Oxygen Demand

Crci — Total capital investment

DMC — Dimethyl carbonate

EP — Eutrophication potential

FAETP — Ecotoxicity for aquatic fresh water
FD — Fossil depletion

FE — Freshwater eutrophication

FEX — Freshwater ecotoxicity

FOFP — Photo-oxidant formation potential
FU — Functional unit

GWP - Global warming potential

HT — Human toxicity

HTPE — Human toxicity potential by either inhalation or dermal exposure

HTPI — Human toxicity potential by ingestion
L — Labor costs

LCA - Life Cycle Assessment

LCC — Life Cycle Cost

LCI — Life Cycle Inventory

M — Maintenance costs

m — Materials costs

NCPM — Non-cellular PHA mass

NREU — Non-renewable energy use

ODP - Ozone depletion potential
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OFP — Photochemical ozone formation
PE — Polyethylene

PET — Polyethylene terephthalate
PHA — Polyhydroxyalkanoates
PHB — Polyhydroxybutyrate

PP — Polypropylene

RER — Europe

SDS — Sodium dodecyl sulfate
TA — Terrestrial acidification

TAC — Total annual costs

TTP — Terrestrial toxicity potential

U — Utilities costs
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1 Introduction

The environmental impact derived from the ubiquitous use of plastics has been linked to two of
society’s present main environmental concerns: climate change and the spoilage of marine
environments caused by improperly disposed plastics. In this situation replacing oil-based non-
biodegradable plastics with alternative bio-based plastics that have similar properties could have
notable benefits. Among bioplastics, polyhydroxyalkanoates (PHAS) are biobased, biodegradable —
even in marine environments by ASTM standards— and biocompatible polymers with multiple
applications [1,2]. They can be produced, through bacterial fermentation, from a feedstock other
than starch/glucose such as a diverse range of complex organic substrates including by-products
from agriculture and food industry [3—5]. PHAs display thermoplastic properties, which depend on
the choice of substrate, bacteria and fermentation conditions. Thus, PHAs are ideal substitutes for
conventional oil-based plastics such as polyethylene (PE), polyethylene terephthalate (PET) or
polypropylene (PP) [6].

The largest driver for replacing conventional plastics by PHA would be a better environmental
performance [7]. Studies based on life cycle assessment (LCA), a technique that identifies and
guantifies the potential environmental impacts associated with a product, process or service [8],
have reported that conventional plastics may have lower carbon footprint [9,10] than PHA albeit
biodegradable and based on renewable resources. High energy requirement was reported in overall
PHA production life cycle, especially during feedstock cultivation, sterilization equipment within PHA
fermentation and the PHA downstream processing [2,11]. Furthermore, PHAs production at large
scale is still limited due to its high production cost —2.2 to 5 €/kg—compared with conventional oil-
based plastic —less than 1 €/kg— [12]. Within PHA production, the downstream processing of PHAs
has been reported as a cost and environmental hotspot for PHAs production. Specifically, it can
account for up to 50% of the production costs [13], largely due to the use of great amounts of
solvents and high energy requirements [11,14].

PHAs downstream processing is commonly comprised by several steps (Fig. 1), starting with the
physical separation of the biomass, and probably followed by a pretreatment step to enhance the

yield and purity in the extraction step. In the extraction step, PHA can be recovered by two different

5
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ways: (1) by solubilizing the non-cellular PHA mass (NCPM) through chemical digestion or
mechanical disruption or (2) by solubilizing the PHA through solvent extraction. Then, PHA is
separated from the NCPM by basic operations such as precipitation, filtration or sedimentation, or
more alternatives for higher-value products such as liquid-liquid extraction or air classification.
Finally, in most cases and regardless of the final product requirements, PHA should be purified: re-
dissolution with water or ethanol can be enough, although sometimes a bleaching step with
hydrogen peroxide or sodium hypochlorite takes place; additionally, ozone treatment or activated

charcoal seems to be effective too in order to obtain a purified PHA [13,15,16].

BIOMASS PHA PHA
SEPARATION L SEPARATION PURIFICATION

+ Centrifugation + Heating « Solvent extraction + Precipitation + Redissolution
«Filtration *Freezing « Chemical digestion « Filtration « Sodium hypochlorite
+ Sedimentation + Grinding * Mechanical disruption = Centrifugation + Hydrogen peroxide

+ Salt addition * Sedimentation *Ozone

* Chelating agents + Flotation + Activated charcoal

« Liquid-liquid

extraction
« Air classification

Fig. 1. Conventional steps in the PHA downstream processing and most common methods for each step.

The objective of this study is to provide valuable insights on PHA downstream processing
optimization by finding economic and environmental hotspots for improve its performance. For this
endeavor, a literature review of LCA on PHA downstream processing was carried out providing the
basis for a techno-economic and environmental assessment of eight potential downstream
approaches —both low and high grade PHA purification—. Firstly, the most promising methods for
PHA downstream processing were identified and, through a design and scale-up supported by
articles and patents, downstream processes were classified as corresponding to low or high grade
PHA purification. Then, an in-depth revision of selected LCA of PHA production and downstream
processes was carried out to evaluate how the key LCA elements —such as objective, functional
unit, system boundaries, impact categories ...— were handled. Finally, the economic and

environmental performance of the eight selected downstream processes was performed by using
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life cycle cost (LCC) and LCA, respectively, and best practices guidelines for PHA downstream
processes design were proposed.

2 Methods

2.1 Literature review

In order to identify the most promising methods for PHA downstream processing, a systematic
review of the literature available using Scopus web search engine for articles and Google Patents
for patents was performed. To do so, the following keywords were used: ‘biopolymers’, ‘PHA’,
‘polyhydroxyalkanoates’, ‘PHB’, ‘polyhydroxybutyrate’, ‘PHBV’,
‘poly(3-hydroxybutyrate-co-3-hydroxyvalerate’, ‘downstream processing’, ‘extraction’, ‘green
solvents’, ‘recovery’, ‘chemical digestion’, ‘isolation’, ‘industrial production’, ‘sustainable’. Among the
200 resulting elements, twelve peer-reviewed articles and patents which collect the methods for
PHA recovery and purification as well as technical specifications were screened [2,13,15,17-25],
being the primary source in relation to the methods used for scenarios definition and process
design, described later in Section 3.

For the second literature review focused on LCAs and LCC on PHA production and downstream
processes, the following keywords were added: ‘technical assessment’, ‘techno-economic
assessment’, ‘life cycle costing’, ‘LCC’, ‘life cycle assessment’, and ‘LCA’ in Scopus web search
engine. Thirteen LCA peer-review articles on PHA production and downstream processing
[9,10,19,26-35] which include specific data about PHA recovery and purification were screened.
2.2 Process simulation

The process simulator Aspen HYSYS —provided by Aspen Technology, Inc., US— was used to
estimate the process requirements in terms of fresh solvent and energy duties in heat exchangers
and solvent recovery units —mostly evaporators and distillation columns—. Fluid packages were
chosen according to Carlson [36] and Elliot and Lira [37] recommendations, selecting the NTRL
model for acetone-water, acetone-ethanol, ethyl acetate-heptane and isoamyl alcohol-water

mixtures.
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2.3 Life Cycle Assessment and Life Cycle Costing

LCA is a systematic and standardized methodology which determines the process or product’s
environmental impacts in the design and operational phase, and it is comprised by four steps: i) the
goal and scope states the intended application, the system, its function and the related functional
unit, the system boundaries, the impact categories selected and the impact assessment
methodology; ii) the inventory analysis involves data collection and calculation procedures to
guantify relevant inputs and outputs of a product system; iii) the impact assessment transforms the
inventory results into potential environmental impacts; and iv) the interpretation phase, which
involves critical review, determination of data sensitivity, and result presentation [8].

Life cycle costing (LCC), which is one pillar of the full life cycle sustainability assessment, is an
economic assessment aligned with LCA in terms of system boundaries, functional unit, and
methodological steps, is performed [38]. In general, costs can be divided into capital and
operational costs. Regarding the former, delivered equipment costs were estimated using
correlations based on individual equipment’s characteristics size [39]: total capital investment was
estimated applying a Lang Factor of 5.03, characteristic from a solids-fluids processing plant, and a
2019 CEPCI index of 607.5; annual depreciation (AD) was calculated —see Eq. (1)— based on the
total capital investment (Crc)) with an interest rate (i) of 5% and a payback time (PB) of 20 years.
Concerning the latter, total annual costs (TAC) were estimated using Eq. (2): utilities (U) and
materials (m) costs were based on the inventories built and literature information [39], while
maintenance costs (M) were assumed to account for the 3% of the total capital investment, and the

labor costs (L) were assumed to be 10% of the total annual costs.

AD = Cr¢; - [i(1 + DPBY/[(1 + D)PB - 1] (1)
TAC=AD+U+m+L+M (2)
3 Scenarios definition and process design

To define the scenarios studied in this paper, the most promising methods of PHA downstream
processing were identified. To do so, twelve peer-review articles and patents were screened by the

following criteria: those which include a revision of the state-of-the-art [2,13,15,17,18], and those
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which include methods with technical specifications applied at lab or pilot scale [19-25]. The
processes were designed according to articles and patents guidelines. Other relevant information
includes the process background (substrate or type of culture employed for PHA production), the
technology readiness level (TRL) and the quality of the PHA obtained (Table 1). Also, solvents
selection guides and technologies maturity level were considered when designing solvent-based
processes [40,41].

The requisite quality of a recovered PHA is coupled to the intended use of the bioplastic. Most of
studies employ only recovered polymer purity and molecular weight as the indicator of the polymer
quality [19,20,42]. However, there are other aspects than should be considered such as the
consistency of the material quality, and rather than the purity, the chemical impurities that are
present —e.g. the immunostimulatory lipopolysaccharide present in most Gram-negative bacteria,
which is considered a endotoxin— [43]. Indeed, loss of molecular weight during melt processing is
predominantly caused by trace impurities, and thus, a higher molecular weight may not mean a
higher quality. In this sense, we define here high-grade PHA as the one used for pharmaceutical
and food grade applications. It has to comply with the following requirements: high purity, high
molecular weight and chemical compatibility according to the European Commission regulation No
10/2011 related to plastic materials and articles intended to come into contact with food [44]. On the
other hand, PHA obtained through processes which do not comply these requirements, especially
those related to impurities —e.g. salts and lipopolysaccharide— and substrate employed —e.g.
methane and wastewater— were classified as low-grade PHA notwithstanding stringent mechanical

and structural property requirements.
Table 1 Processes definition of PHA downstream processes, accounting their quality grade, substrate, type of

culture, recovery method, technology readiness level and references in which are based.

Grade PHA Feedstock Culture Microorganism Rﬂigm’g&y TRL** Reference
High - . Acetone
(H1) P(4HB) Glucose Pure Escherichia coli extraction 9 [22,24,45]
High Food industry Ralstonia HPH + SDS
(H2) P(3HB) byproducts Pure eutropha’ digestion 9 [25,46]
High P(3HB- Oleic acid, y- L . NaOH + Lysol
(H3) c0-4HB) butyrolactone Pure Cupriavidus sp. digestion 4 [45,47]
High P(3HB- Glucose, Pure Aeromonas, Ethyl acetate 6 [21]
(H4) c0-3HHX) soybean oil Wauteria. extraction

9
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Recovery

Grade PHA Feedstock Culture Microorganism TRL** Reference

method
I('lf) I\)I CF;(-?;!_iH?B-) Methane Pure Met:: i¥|s?1(;ZStis eé(grzt;?c?n 4 [5,48]
2 PEre) A haera  bolvienss  SbSageston 4 149-51
I(‘fé’\)’ P(3HB) Wastewater xil)t(lfri Not applicable. NagéoestianS 4 [32,33]
c  PeHe e U oimogue  exacion 8 12352

* Ralstonia eutropha, Cupriavidus sp. and Alcaligenes eutrophus are the same microorganism
** TRL was assigned according to Humbird [53]

A brief description of the selected processes for each type, high- or low-grade, is presented below
plus a summary of key model assumptions (Table 2 and Table 3), while mass balances and detailed
schemes along with process specifications and design outcomes are collected in Supplementary
information (sections S1.1, S2.1, S3.1 and so on; note that processes H1 and L2 flow diagrams are

also included there for completeness).

3.1 Downstream processes for high-grade PHA

In process H1 (Fig. 2), which is based on a patent applied by Tepha Inc. US [24], P(4HB) enriched
biomass —obtained through fermentation of glucose by Escherichia coli [45]- is extracted by
acetone. Before being submitted into extraction, biomass is dried and washed with ethanol to
remove its toxins content. After extraction, NCPM is separated by ultrafiltration, and dissolved PHA
is recovered by adding an antisolvent —ethanol in this case— until the PHA precipitates. Additionally,
P(4HB) is purified through ethanol washing prior to spray drying. The pretreatment and purification
step with ethanol along the extraction with acetone, which is a Class 3 solvent —i.e. those solvents
with low human toxic potential according to the European Medicines Agency [54]- allows that the

obtained P(4HB) powder can be employed in medical and food grade applications.

‘ EtOH ‘ Acetone ' EtOH | I,
PHA enriched biomass 2 § - 12 - 16 — ,’:J—L 22 7'-‘ Acetone
‘ —1)— —od fe—o —ad be—oI e
|
CE-101)[  |—<2>—@) Wastewater olo <7 CE-102 ola 13 oo 17 T
Ea R0t [ < —gEron R-201 R-301 ‘ SP-301
' T [ o - -
== Lo —<— —<— = 1
$-101 —>—e L T =\
J . ‘ L6 7" B WY r =
S-102 —o— FT-201 Biowaste  FT-301 - 23—4EtoH
- ) -301 | .
L& S-30 20
) PHA
214
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Fig. 2. H1 process flow diagram.

Process H2 is based on NCPM mechanical disruption and chemical digestion. Developed by Bio-
On (ltaly) as a patent [25], it is already being applied at full scale by them [46]. P(3HB) enriched
biomass —produced through microbial fermentation of food industry byproducts— is sent to a high-
pressure homogenization where a surfactant is added to cause simultaneously the NCPM disruption
and digestion. Then P(3HB) is easily separated from dissolved biomass by a liquid-solid separation.
Additionally, P(3HB) is purified by bleaching prior to spray drying.

Similarly, process H3 is based on NCPM chemical digestion to extract the copolymer of P(3HB-co-
4HB). Based on a study performed at pilot plant scale [47], PHA enriched biomass previously
dewatered is sent to a NaOH and Lysol treatment, to digest NCPM. After that, a post-treatment by
water washing and a spray drying is carried out.

Process H4 is based on a large-scale study [21], where the P(3HB-co-3HHXx) enriched biomass is
obtained by a pure culture of Aeromonas hydrophile that uses only glucose as a carbon source. The
downstream process comprises dry biomass solvent extraction with ethyl acetate, heptane
precipitation and post-treatment consisting of ethanol washing followed by a spray drying step to

obtain the final PHB copolymer.

Table 2 Summary of key model assumptions for high-grade PHA downstream processes.

Process Step Assumptions

10,000 t of P(4HB) in enriched biomass are recovered for 330 days/year

11.5 kg-m-3 biomass concentration with 68% P(4HB) weight content

A drying step —less than 5 wt% water content — prior to 95 wt% ethanol washing in a 4:1
ratio ethanol-biomass in R-101 P

An additional drying step to reach up to 99 wt% solids content °

Biomass
treatment

H1 A 94% P(4HB) recovery yield ©
Extraction Acetone extraction in a 20:1 acetone-biomass ratio in R-201 °
Solvent recovery in a distillation column
Recovery and  99.7% P(4HB) purity °
purification P(4HB) precipitation with ethanol 95 wt% in a 1:1 ethanol-acetone ratio in R-301 @
Biomass 10,000 t of F’(SHB) in enricheq biomass are recovered.for 330 daysl/year
treatment 80 kg-m3 biomass concentration with 70% P(4HB) weight content ¢
A 10 wt% H2S04 addition obtain a pH 4.5 ¢
A 83% P(3HB) recovery yield ¢
H2 A high pressure homogenization step (1000 bar) at room temperature ¢
. A 50 wt% NaOH addition to obtain a pH 10.0 and a 4 g-L'! SDS aqueous solution addition
Extraction .
in R-201 ¢
A water dilution (50% of FT-201 liquid stream is recycled) in a 1:4 stream-water ratio in R-
2029
11
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Recovery and

A 94% P(3HB) recovery yield and 99% purity 9
30 wt% H202 bleaching treatment in a 1:8 stream-H20> ratio in R-301 9

purification Water dilution (85% of FT-301 liquid stream is recycled) in a 1:3 stream-water ratio in R-
302d
Biomass 10,000 t of P(3HB-co-4HB) in eﬂrichgd biomass are recqvered for 330 days/year
treatment 11.5 kg-m3 biomass concentration with 70% P(4HB) weight content 2
A dewatering step to reach up to 80 wt% solids content
H3 . A 90% P(3HB-co-4HB) recovery yield ©
Extraction e
A 0.15 M NaOH and 2 w% Lysol addition in R-201 ©
Recovery and 93% P(3HB-co-4HB) purity ©
purification A water dilution in a 1:3 stream-water ratio in R-301
Biomass 10,000 t of F’(SHB-CO-3HXX) in. enri(?hed biomass are recovered.for 330 days/year
treatment 50 kg.-m'3 biomass concentratlop with 50% P(3I_—|B-co-3.Hx?<) weight content f
A drying step —up to 99 wt% solids content — prior to grinding f
A 94% P(3HB-co-3Hxx) recovery yield f
H4 Extraction Ethyl acetate extraction in a 20:1 ethyl acetate-biomass ratio in R-201 f

Solvent recovery in a distillation column

Recovery and
purification

95% P(3HB-co-3Hxx) purity
P(3HB-co-3Hxx) precipitation with heptane in 3:1 heptane-ethyl acetate ratio in R-301
A P(3HB-co-3Hxx) purification step with ethanol in a 4:1 ethanol-biomass ratio in R-302

References for assumptions: a-[45], b-[24], c-[22], d-[25], e-[47], f-[21]

PHA enriched biomass

. Wastewater

Downstream processes for low-grade PHA

Process L1 is based on a research scale and a technoeconomic study [5,48], which employs
solvent extraction to isolate the copolymer P(3HB-co-4HB). PHA enriched biomass, obtained
through microbial fermentation of methane by Methylocystis hirsute, is previously dried prior to hot
acetone extraction. After NCPM separation, the stream is refrigerated and water is added to
precipitate the PHB. Finally, PHB is recovered and spray dried.

Process L2 (Fig. 3), based on a patent developed by Repsol S.A. (Spain) [51], takes advantage of
halophilic culture characteristics and uses an osmotic shock to disrupt NCPM [49,50]. PHA enriched
biomass is partially dewatered and heated prior a recovery step where an osmotic shock combined
with SDS digestion is carried out to digest NCPM. Then, PHA is separated from dissolved NCPM

and spray dried after a washing step with water.

- Water
it ? 2 i

DL —@gs_zm DL L ce_301 DL CE-302

B2 ® R-301 R'm% &

0 OWasfewafar

' Wastewater

Fig. 3. L2 process flow diagram.
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Chemical digestion of the NCPM is the extraction method employed in process L3 to recover
P(3HB). Based on a paper of PHA isolation from a mixed microbial culture [32,33], this process
uses a chemical digestion which combines the high oxidizing potential of NaCIO with a surfactant
such as SDS. Then a washing step with fresh water is carried out before spray drying.

Process L4 has the peculiarity of employing a byproduct of ethanol biorefinery, such as fusel
alcohols, as solvent. This process, which is based on a PHB Industrial S.A. patent [23], is comprised
by a extraction step where the P(3HB) is extracted by fusel alcohols. Then, after some solid-liquid
separations to separate the NCPM and concentrate the polymer, the stream is cooled to precipitate

and recover the polymer prior to spray drying.

Table 3. Summary of key model assumptions for low-grade PHA downstream processes

Process Step Assumptions

100,000 t of P(3HB-co-4HB) in enriched biomass are recovered for 330
Biomass days/year
treatment 60.7 kg-m-2 biomass concentration with 50% P(3HB-co-4HB) weight content
A drying step —less than 5 wt% water content—
A 92% P(3HB-co-4HB) recovery yield P
Hot acetone extraction —3 bar and 90°C- in a 9:1 acetone-biomass ratio in R-
201 2
Solvent recovery in a distillation column
98% P(3HB-co-4HB) purity 2
Recovery and A P(3HB-co-4HB) precipitation step comprised by cooling (E-301) and water
purification addition (R-301) &
A separation by microfiltration and spray drying to obtain P(3HB-co-4HB) powder
1,500 t of P(3HB) in enriched biomass are recovered for 330 days/year

L1 Extraction

Biomass 8 kg-m-3 biomass concentration with 50% P(3HB-co-4HB) weight content ¢
treatment A dewatering step —up to 60 wt% solids content — followed by a heating step
L2 (60°C) d

A 98% P(3HB) recovery yield ¢

0.1 wt% SDS chemical digestion at 60°C —less than 5 wt% solids content— %
94% P(3HB) purity 9

Recovery and Water washing in two step maintaining up to 5 wt% solids content —water from
purification second washing step is recycled into first washing step—

A separation by centrifugation and spray drying to obtain P(3HB) powder
1,500 t of P(3HB) in enriched biomass are recovered for 330 days/year

60.8 kg-m-2 biomass concentration with 70% P(3HB) weight content

A heating step (55°C) f

A 94% P(3HB) recovery yield

L3 SDS chemical digestion in a 3:1 SDS-NCPM ratio in first recovery step f

15 wt% NaClO solution chemical digestion in a 8:1 NaCIO-NCPM ratio in second
recovery step f

SDS recovery step comprised by: refrigeration (9 °C) of the liquid stream
resulting of first recovery step, precipitation and microfiltration —80% vyield—f

Extraction

Biomass
treatment

Extraction

13
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Process Step Assumptions

94% P(3HB) purity
Recovery and Water washing in two step maintaining up to 5 wt% solids content —water from
purification second washing step is recycled into first washing step—

Separation by centrifugation and spray drying to obtain P(3HB) powder f

100,000 t of P(3HB) in enriched biomass are recovered for 330 days/year
150 kg-m-2 biomass concentration with 70% P(3HB) weight content 9
A heating step —up to 95 °C-"h

Biomass
treatment

A 95% P(3HB) recovery yield "

Fusel alcohols extraction at 115 °C in a 75:1 solvent-biomass ratio in R-201 —
L4 Extraction 80% of the solvent stream is introduced as a liquid stream at 105 °C while the

rest of the stream is added as vapor stream at 135 °C-"

Solvent recovery in a distillation column "

98% P(3HB-co-4HB) 9"
P(3HB-co-4HB) precipitation step by cooling (E-301) "
Separation by microfiltration and spray drying to obtain P(3HB) powder "

Recovery and
purification

References for assumptions: a-[48], b-[55], c-[50], d-[49], e-[51], f-[32,33], g-[52], h-[23]

4 Environmental and economic evaluation of the selected processes

4.1 State-of-the-art of LCA and LCC studies on PHA downstream processing

Even when a lack of LCAs which assess only the PHA downstream processing has been detected,
useful information can be collected from the selected LCAs studies on PHA production (Table 4). In
terms of motivation studies, most research in the period 2000-2010 focused on evaluating the
feasibility of PHA production comparing it to oil-based plastics, while in the present decade, studies
were more focused on comparing PHA production from different feedstocks, evaluating different
processes configuration such as PHA production using mixed cultures, assessing more impact
categories or evaluating some specific phases of bioplastic value chain such as downstream

processing [19,32,34].

14
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19
20
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22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

Table 4 Chronological summary of characteristics of reviewed LCA studies. INREU: non-renewable energy use. GWP: global warming potential, OFP: photochemical ozone
formation, FAETP: ecotoxicity for aquatic fresh water, AP: acidification potential, EP: eutrophication potential, FOFP: photo-oxidant formation potential, ODP: ozone depletion
potential, TTP: terrestrial toxicity potential, ATP: aquatic toxicity potential, HTPI: human toxicity potential by ingestion, HTPE: human toxicity potential by either inhalation or

dermal exposure. 2PHA production costs including raw materials, fermentation and downstream processing. 3PHA downstream processing costs.
Recover Functional  System LCIA method
Source y Solvent . y , Origin of primary data Origin of secondary data  and impact LCC
method Unit boundaries o
categories
Calculations and estimates
. based on US Department of S
[9] I\/_Iechamcal - 1 kg PHA Cradle-to-gate Energy (DOE) and United Literature Midpoint level -
disruption NREU
States Department of
Agriculture (USDA); literature
) Economic Research
gﬂsosrzjsrﬁgii(())isqzliittaerzrt]gre' Air Service (ERS) of the United
[27] Solvent extraction C4-Cll 1 kg PHA Cradle-to-gate Chief, EPA 1997; Ontario Sta’;es Departmen.t of Midpoint level -
alcohol . ; Agriculture-USDA,; GWP
Ministry of Agriculture, Food Ecobalance’s DEAM™
and Rural Affairs, OMAFRA database
USDA and DOE; literature; . s ) 3.53-
28] Chemical SDS + 5000 tons Cradle-to-gate own calculations; computer Com ﬁ?écrusl?rﬂﬁ?;’iclﬁe&ggre’ Midpoint level 4.77
digestion NaClO PHA 9 simulation using SuperPro P . 9 GWP, NREU €-kg?
- SuperPro Designer v4.5 2
Designer v4.5 PHA
All the environmental figures
. . are taken from Australian o 4.33
[29] Qhem!cal NaClO 1 kg CODin Gate-to-gate based source (local utility Literature Midpoint level €kg?
digestion the feed . . GWP 2
companies, the Australian PHA
Greenhouse Office); literature
. . Data from Agricultural
L!ter?tu_re, ((:é)mputfer imulated Resource Management
. simulation (data of a simulate = i A
[30] C_hem!cal NaOH + 1 kg PHA Gate-to-gate ethanol plant that are based Survey (ARMS); Literature;  Midpoint level -
digestion NaClO . average performance of GWP, NREU
on laboratory and pilot-plant chemical industry in the
results) US
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26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

Recover Functional  System LCIA method
Source y Solvent . y . Origin of primary data Origin of secondary data  and impact LCC
method Unit boundaries et
categories
. End-point level
(I;/_Iechamcal SDS + Ecosystem
Isruption + NaCIO / . . . quality
[31] C_hem!cal Ca-C11 1 kg PHA Cradle-to-gate Literature GaBi Professional database human health. -
digestion / alcohol supply of
Solvent extraction PPy
resources
Laboratory and pilot scale
. data and literature data N 1.18
[33] gihir;:gﬁl 2238 1 kg PHB Gate-to-gate integrated with process Ecolnvent v2.2 g\llc\jlgole?EVS I €kgl
9 modelling in ASPEN Plus ’ PHA?
software
SDS + Laboratory and pilot scale 1.40-
Chemical NaOH / data and literature data Midooint level 1'95
[32] digestion (2) / SDS + 1 kg PHB Cradle-to-gate integrated with process Ecolnvent v2.2 GWFI)D NREU €:k 1
Solvent extraction NaClO / modelling in ASPEN Plus ' 93
PHA
DCM software
Laboratory and pilot scale i
Chemical HZSIF(')// data and literature data Midooint level égi
[19] digestion (3) / 1 kg PHB Gate-to-gate integrated with process Not defined P g
. DCM/ L GWP €-kg
Solvent extraction modelling in ASPEN Plus 3
H2S04 PHA
software
Gate-to-gate
(only Scale-up of laboratory data: Gabi Professional Midpoint level
[34] Solvent extraction DMC 1 kg PHB downstream . P T y ’ Database; Ecoinvent GWP, OFP, -
. estimates; literature
processing) Database FAETP
Midpoint level
Cradle-to-gate GaBi 6 Professional and GWP, AP, EP
[26] Solvent extraction  Acetone Not stated (polymer rich Literature data . freshwater, EP -
X Ecoinvent 3.1 databases .
biomass) marine, EP
terrestrial, POFP
Midpoint level 5.77-
Chemical SDS + s GWP, AP, ODP, 6.12
[35] digestion NaOCl 1 kg PHA Gate-to-gate Laboratory data; literature WAR database TTP, ATP, HTPI,  €kg®
HTPE PHA?
Chemical Literature; Gabi Midpoint level
[10] di . NaOClI 1 kg PHB Cradle-to-gate Literature Professional database; GWP, NREU, EP, -
igestion :
Ecoinvent AP
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Concerning to the recovery method, chemical digestion is the most evaluated option -9 out of
the 13 papers-. Indeed, chemical digestion methods have an advantage over solvent
extraction, especially when the PHA content in dry cell basis is high (>80%) as it happens in
these studies [28,30,31]. Mechanical disruption, which has been evaluated by Gerngross [9],
can be considered as competitive as chemical digestion. Solvent extraction, which was
evaluated by few authors -6 out of the 13 papers—, is a highly energy intensive process due
to solvents recovery step. Thus, a heat integration within a biorefinery may solve this
dependency.

Regarding the selection of the functional unit (FU), a mass-based approach is the most
common option, being 1 kg or 1 ton of PHA —or specifically PHB- the preferred option —i.e.
10 of the 13 papers—. When looking at the system boundaries, 7 studies are classified as
cradle-to-gate —i.e. from raw material extraction to factory gate— and the remaining 6 as gate-
to-gate —i.e. from one defined point along the life cycle to a second defined point further
along the life cycle—.

Looking at the inventory phase it can be concluded that non-disclosure agreements prevent
the publication of primary data by industry actors [56]. Therefore, most of primary data
comes from own estimations, computer simulation and previous literature. Indeed, a dense
correlation among the 13 papers has been observed and an important part of primary in LCI
share the same origin —two earlier studies [9,28] are used as reference for the data collection
of other six references [10,26,29-31,34]-, so there is a lack of primary sources and
overdependency in LCI construction. Regarding secondary data, both Ecoinvent and GaBi
databases are the most employed for data collection.

Concerning the impact assessment stage, most studies followed a midpoint approach.
Global warming potential (GWP) is so far the most evaluated category —11 of 13, followed by
non-renewable energy use (NREU) -6 of 13-. In fact, they were the main focus in early
studies (1999-2008): the goal of these studies was to compare the biopolymers carbon
footprint with their respective oil-based. These days, as some solvents are considered

hazardous for the ecosystem and human health, more impact categories —such as
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acidification, eutrophication and human toxicity potential- are being included in the
assessment [10,26,34,35].

Half of the selected LCA studies include an LCC assessment. Most of the studies which
assess the overall PHA production process pointed out fermentation as responsible of major
operating costs —up to 75% of total-, which range from 1.18 to 6.12 €-kg! [28,29,33,35].
Substrates represented up to 50% of fermentation costs in pure culture fermentation [28,35],
while energy was the major cost in mixed culture fermentation processes [29,33]. Concerning
to LCCs which asses PHA downstream processing, methods based on chemical digestion,
especially those which employ NaOH and surfactants, have lower costs —which range from
1.02 t0 5.23 vs 1.95 to 6.61 €-kg'— than those based on solvent extraction[18,31]. Within
PHA downstream processing by NCPM digestion and PHA extraction, chemicals and heat

were the major contributors to total operating costs respectively —up to 80 and 70%— [19,32].

4.2 LCA and LCC of selected processes: Goal and scope

The goal of the current LCA is the identification of the main contributors, i.e. hotspots, both
from an environmental and economic perspective within the four PHA recovery processes for
both groups -high- and low-grade- as well as the cross comparison within each group to
identify the best alternatives. As the function to be covered by the final product is not
equivalent for all the cases, two functional units were defined: 1 kg of high-grade PHA
powder and 1 kg of low-grade PHA powder.

The system boundaries are common, with a gate-to-gate approach covering from the PHA
enriched biomass to the purified PHA. Being a comparative assessment, both the upstream
substrate and PHA production phase and afterwards bioplastic compounding and shaping,
use and end-of-life are assumed to be equivalent for all considered downstream processes
[57]. Indeed, not all the downstream processes are interchangeable within each group —high
and low-grade PHA-, i.e. some processes are based on an halophilic culture which can be
submitted to osmotic shock or a solvent which is produced in the facility. Nevertheless,

identified best practices can guide the proposal and adoption of improvement actions in
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different configurations, as it is commonly done in process. As almost all alternatives are still

at lab or pilot scale, some well-founded assumptions were taken for extrapolation to full scale

production —see Supplementary information—. Data for the processes of the background

system come from the Ecoinvent v3.3 database [58].

Regarding the geographical boundaries and the time horizon, all processes are placed in the

EU, including background processes such as chemicals and energy production —whenever

possible—, and long-term emissions are excluded. Capital goods were excluded for the

environmental assessment, and therefore only operational inputs and outputs have been

collected.

The analysis of the environmental impacts followed a midpoint approach, being global

warming (GWP), terrestrial acidification, freshwater eutrophication, human toxicity,

freshwater ecotoxicity and fossil depletion potential the selected impact categories, according

to the latest reviewed LCAs on PHA downstream processing [10,26,34,35]. Excluding GWP,

where the last version of the IPCC method —for a 100-year time horizon— was used, other

impacts categories were assessed using the Hierarchist ReCiPe(H) v1.13. To do so, version

8.3 of SimaPro software —PRé Sustainability, NL— was selected.

Finally, to overcome the lack of specific background data, the following assumptions were

formulated:

(1) Biomass waste in processes H1, H4, L1 and L4 was assumed as composting biowaste.

(2) Wastewater stream was assumed as urban wastewater.

(3) The production process for SDS, used in processes H2, L2 and L3, was assimilated to
another chemical with similar function: alkylbenzene sulfonate.

(4) The production process for Lysol, used in process H2, was approximated to its main
component: o-cresol.

(5) The production of isoamyl alcohol from ethanol biorefinery, as is the case in process L4,
was assimilated as the standard isoamyl alcohol chemical production process, which a

priori is considered the worst case scenario.
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(6) Solvent losses in spray drying are burnt and complete combustion is assumed so fossil

COgz is produced.

4.3 LCA and LCC of defined processes: Results for High-grade PHA

Inputs of raw material and energy as well as emissions to air, water and solid waste or

wastewater per kg of obtained PHA for the four high-grade PHA processes are summarized

in Table 5. The selected background processes from Ecoinvent v3.3 are also reported for

transparency.

Table 5 LCI per kg of PHA for high grade processes: H1, H2, H3 and H4.

Item H1 H2 H3 H4 Ecoinvent v3.3
Resources
Water (m3) - 0.028 0005 - Water, coo!lng, unspecified natural origin, Europe
without Switzerland
(Akcgtitone 0.321 - - - Acetone, liquid {RER?}| oxidation of butane
Materials/fuels
Ethanol 0678 - i 0.223 Ethanol, without water, in 99.7% solution state,
(kg) ' ' from ethylene {RER}| ethylene hydration
i i i Alkylbenzene sulfonate, linear, petrochemical
SDS (kg) 0.049 {RERY}| production
Lysol (kg) - - 0.429 - o-cresol {RER}| Production
Sodium Sodium hydroxide, without water, in 50% solution
hydroxide - 0.013 0.172 - state {RER}| chlor-alkali electrolysis, membrane
(kg) cell
Hydrogen Hydrogen peroxide, without water, in 50%
peroxide - 0.280 - - solution state {RER}| hydrogen peroxide
(kg) production, product in 50% solution state
Sulfuric . . .
acid (kg) - 0.015 - - Sulfuric acid {RER}| production
Ethyl
acetate - - 0.803 Ethyl acetate {RER}| production
(kg)
Heptane Heptane {RER}| molecular sieve separation of
- - 0.185
(kg) naphtha
Electricity/heat
Electricity Electricity, medium voltage {Europe without
(kJ) 309 1,581 128 382 Switzerland} market group for
'('I'S‘;t duty 62972 3171 3,166 110,082 Heat, in chemical industry {RER} market for
Cooling ) i Steam, in chemical industry {RER}| steam
duty (kJ) 48,217 93,989 production in chemical industry
Emissions to air
C_art_)on 2.484 - 0.595 Carbon dioxide, fossil
dioxide (kg)
Waste and emissions to treatment
(Sk(;l;d waste 0.577 - - 1.113 Biowaste {CH?} treatment of, composting
Wastewater 0136 0032 0.171 0041 Wa_stewater, average {Europe without
(m?3) Switzerland}| treatment of wastewater, average
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1RER = Europe. 2 CH = Switzerland

Results from the characterization stage are displayed on Table 6 and Fig. 4, and further
individual information is reported on the Supplementary Information (sections 1.2.1, 2.2.1,
3.2.1 and so on).

Table 6 Comparative of characterization results of high-grade PHA downstream processes per kg of
PHA. Shading colors from red to white indicate a better environmental performance of each process

compared to the others in each impact category.

Impact category Unit H1 H2 H3 H4
IPCC GWP 100a kg CO:z eq 9.259 0.806 2.394 12.956
Terrestrial acidification kg SOz eq 0.023 0.003 0.009 0.044
Freshwater eutrophication kg P eq 4.950-104 | 6.770-10° 2.370-10* | 5.600:10
Human toxicity kg 1,4-DB eq 0.172 0.036 0.068 0.331
Freshwater ecotoxicity kg 1,4-DBeq  2.470-10° 4.400-10* @ 2.920-10° | 5.890-10°
Fossil depletion kg oil eq 2.675 0.290 1.223 4.503

R
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H1H2H3H4 H1H2H3H4 H1H2H3H4 H1H2H3H4 H1H2H3H4 H1H2H3H4

IPCC GWP  Terrestrial Freshwater = Human toxicity Freshwater Fossil
100a acidification eutrophication ecotoxicity  depletion
& Direct emissions m Chemicals
m Electricity OHeat duty
= Cooling duty O Waste or wastewater treatment

Fig. 4. Characterization of high-grade processes H1, H2, H3 and H4 respectively, and contributions of

each LCI component.
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Results from the life cycle costing are displayed on Fig. 5. Capital investment and operating

costs calculation is collected in Supplementary material.

mAD oU om M OL

H3

sz
H1N\\ :

0,50 € 1,00 € 1,50 € 2,00€ 2,50 €

Fig. 5. Economic evaluation of high grade processes H1, H2, H3 and H4 respectively, per kg of PHA.
AD, U, m, L and M are referred to annual depreciation, utilities, materials, labor and maintenance

respectively.

Processes based on NCPM disruption show a better environmental and economic
performance than those based on solvent extraction, while chemicals and heat production
are the main contributors to environmental impacts and total operating costs in high grade
processes. Going further down and looking at elements contribution (Fig. 4), most
environmental impacts of both H1 and H4 processes, which are based on solvent extraction,
are caused mainly by heat production, and to a lesser extent by solvent production.
However, freshwater eutrophication is predominately caused by ethanol production. From an
economic perspective, heat represents a 20% and a 30% of total operating costs in H1 and
H4 respectively, while chemicals represent more than a 50% in both cases. Respecting H2
process, based on mechanical disruption, heat, electricity and peroxide hydrogen production
have a similar weight in most impact categories. Economically, peroxide hydrogen
represents almost the 50% of total operating costs. Ortocresol production is behind the major
share of environmental impacts in most categories in process H3 except freshwater
eutrophication, which is caused by waste stream treatment, similarly to process H2.

Likewise, surfactant is responsible for 80% of the total operating costs.
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4.4 LCA and LCC of defined processes: Results for low-grade PHA

Inputs of raw material and energy as well as emissions to air, water and solid waste or
wastewater per kg of obtained high-grade PHA for the four processes are summarized in
Table 7. The selected background processes from Ecoinvent v3.3 are also reported for
transparency.

Table 7 LCI per kg of PHA for processes L1, L2, L3 and L4.

ltems L1 L2 L3 L4 Ecoinvent v3.3

Resources

Water, cooling, unspecified natural

3 -
Water (m?) 0.0002 0314 0.039 origin, Europe without Switzerland

Materials/fuels

Acetone, liquid {RER}| oxidation of

Acetone (kg) 0.487 - - } butane

3-methyl-1-butanol {RER}|
hydroformylation of butane

Isoamyl alcohol (kg) 0.962

Alkylbenzene sulfonate, linear,

SDS (kg) ) 0252 0303 - petrochemical {RER}| production

Sodium hypochlorite, without water, in
Sodium hypochlorite i 0414 - 15% solution state {RER}| sodium
(kg) ' hypochlorite production, product in 15%
solution state

Electricity/heat

Electricity, medium voltage {Europe

Electricity (kJ) 206 L3rz 231 353 without Switzerland} market group for

Heat (kJ) 24.684 43,847 4,380 54,570 fI-(|)$at, in chemical industry {RER} market
Cooling energy {RER}| from natural gas,

Cooling duty (kJ) 17,470 - 1,659 48,189 at cogeneration unit with absorption
chiller 200kW

Emissions to air

Carbon dioxide (kg) 1.109 - - 1.578  Carbon dioxide, fossil

Waste and

emissions to

treatment

Solid waste (kg) 1.172 - - 0.710 Biowaste {CH} treatment of, composting
Wastewater, average {Europe without

Wastewater (m3) 0.006 0.316 0.065 0.009 Switzerland}| treatment of wastewater,

average, capacity 1E9l/year

1RER = Europe. 2CH = Switzerland

In current subsection, results of characterization of several alternative processes of PHA

downstream processing for high value applications are displayed on Table 8 and Fig. 6.
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Table 8 Comparative of characterization results of low-grade PHA downstream processes per kg of

PHA. Shading colors from red to white indicate a better environmental performance of each process

compared to the others in each impact category.

Impact category Unit L1 L2 L3 L4
IPCC GWP 100a kg CO:z eq 3.931 4.159 1.177 10.249
Terrestrial acidification kg SO2 eq 0.011 0.015 0.005 0.032
Freshwater eutrophication kg P eq 6.170-10° | 3.710-104 | 1.020-10“4 = 2.270-10*
Human toxicity kg 1,4-DB eq 0.075 0.176 0.115 0.234
Freshwater ecotoxicity kg 1,4-DBeq 1.300-10° = 1.880-10° @ 6.350-10* | 2.427-10°
Fossil depletion kg oil eq 1.132 1.467 0.577 3.413
100% —=Ee T T | | O o, = —
=[] = HE =T
90% | = || =
80% ==
70%
60%
50%
40% L
30%
20% FH
% ] o
10% E=
q N N
0% *~ B
L1L2L3L4 L1L2L3L4 L1L2L3L4 L1L2L3L4 L1L2L3L4 L1L2L3L4
IPCC GWP  Terrestrial Freshwater = Human toxicity Freshwater Fossil
100a acidification eutrophication ecotoxicity depletion

B Direct emissions

m Electricity
@ Cooling duty

Hm Chemicals
OHeat duty
O Waste or wastewater treatment

Fig. 6. Characterization of low-grade PHA processes L1, L2, L3 and L4 respectively, and contributions

of each LCI component.
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Results from the life cycle costing are displayed on Fig.7:

mAD oU om M OL
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Fig. 7. Economic evaluation of low-grade processes L1, L2, L3 and L4 respectively, per kg of PHA. AD,
U m, L and M are referred to annual depreciation, utilities, materials, labor and maintenance

respectively.

Process L3 and L4, based on NCPM digestion and PHA solvent extraction, show the best
environmental and economic performance respectively within low-grade processes, while
chemicals and heat production are the main contributors to environmental impacts and total
operating costs. Regarding processes contribution to low-grade PHA processes (Fig. 6),
most environmental impacts of L1, which is based on solvent extraction, are caused mainly
by heat production, and to a lesser extent by acetone production. Similarly, total operating
costs are caused by heat (49%) and acetone (44%). Respecting L2 process, based on
osmotic shock and chemical digestion, heat production dominates almost all impact
categories, except freshwater eutrophication, which is mainly caused by wastewater
treatment. With regards to total operating costs, heat (36%) and annual depreciation (25%) —
the plant scale determines higher AD costs— have a relevant weight. Sodium hypochlorite
and SDS production are responsible by major of environmental impacts in most categories in
process L3 except freshwater eutrophication, which is caused by waste stream treatment,
similarly to process L2. Economically, sodium hypochlorite (36%) and annual depreciation
(27%) —note that, similarly to L2, the size scale influences AD costs— represent the major

costs. As regards process L4, isoamyl alcohol and heat production are the major responsible
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of all environmental impacts in any category. In economic assessment, and due to fusel
alcohols are a byproduct of ethanol biorefinery, heat cost represents 80% of total operating
costs. Similarly, Lysol and heat production are the principal contributors to H3 environmental

impacts.

4.5 LCA and LCC of defined processes: Interpretation of results
The fourth stage of the life cycle based assessments aims at deriving conclusions and
assessing their robustness of conclusions. To do so, firstly a comparison among the
processes assessed in this work and those from previous studies, secondly a sensitivity
analysis to assess the robustness of the LCA results is carried out.

45.1. Comparison of results
According to results showed in Table 6 and Fig. 4, methods relying on solvent extraction (H1
and H4) require large amounts of energy for solvent recovery. The benefits of using a solvent
instead of mechanical disruption or chemical digestion are outweighed in both all impact
categories and costs and therefore, solvent extraction is only recommended for those cases
where a higher quality is required [43]. Both economic and environmental performance of
these processes can be optimized by employing more easily recoverable solvents.
Mechanical disruption (H2) seems to be a priori the preferable method for downstream
processing from an environmental (Fig. 8) and economic perspective —0.26 €-kg* PHA
versus 0.77 €-kg* PHA—, mainly due to lower amounts of chemicals and surfactants were

needed than in processes which employ only chemical digestion (H3).
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Fig. 8. Comparative of characterization of high-grade PHA processes.

With regards to results showed in Table 8 and Fig. 6, and similarly to high-grade PHA
downstream processes, those based on extraction methods (L1 and L4) apparently show a
worse environmental performance (Fig. 9) than those based on chemical digestion —
environmental impacts are expected to be considerable lower in L4 since there was no data
available to fusel alcohols production in sugar molasses industry and thus, isoamyl alcohol
chemical based was employed in LCI construction—. Only in those cases (L4) where
downstream processing is coupled with other own facility processes and/or products and
byproducts —e.g. the utilization of residual heat or process byproducts employed as solvents—
, solvent extraction methods are both environmental and economically feasible —0.24 €-kg™*
PHA-.The process L2 environmental impacts in categories related to freshwater seem to be
exceed. Considering that a valorization of a canning wastewater is carried out in overall
process, environmental impacts in freshwater ecotoxicity and freshwater eutrophication
should be considerably lower when including canning wastewater treatment as avoided.
Downstream processes based on SDS chemical digestion can be optimized by adding a
SDS recovery unit. Indeed, it can be the key for process L3 relative low environmental
impacts. Hence, the utilization of easy recoverable chemicals can lead to a better economic

and environmental process performance.
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Fig. 9. Comparative of characterization of low-grade PHA processes.

Comparing current results from LCIA with those from literature [19,32,34] in GWP —other
impact categories were not included as they do not have individualized data about PHA
downstream processing environmental impacts—, it is verified that there is some concordance
between them: a range from 0.81 to 4.16 kg COz eq versus 2.6 to 6.27 kg CO: eq —studies
from literature— for chemical digestion, and a range from 3.93 to 12.96 versus 4.94 to 28.71
kg CO: eq per kg of extracted PHA for solvent extraction. Likewise, from an economical
perspective, there is some similarity in PHA downstream processing costs between those
from literature (from 1.02 to 6.61 €-kg'* PHA) and those from current study (from 0.24 to 2.23

€kg! PHA).

4.5.2. Sensitivity analysis
Previous analysis (Sections 4.3 and 4.4) showed which factors were relevant on processes
environmental impact. Based on that, the following scenarios were assessed (Fig. 10 and

Fig. 11):
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(1) For processes based on solvent extraction —H1, H4, L1 and L4—, the baseline scenarios,
where heat was taken from European chemical industry market, are compared with two
scenarios: oil (A) and natural gas (B) as heat sources.

(2) For process H2, the impact of the electricity production profile is assessed, considering
that the electricity mix is not homogeneous within the geographical boundaries, so two
different electricity mixes, characterized by the highest and lowest carbon footprint were
chosen: the Polish electricity mix (A), dominated by coal production, and the Swedish mix
(B), based on renewable energies.

(3) For processes based on chemical digestion by surfactant, base case is compared to
another scenario where surfactant is or not recovered by crystallization —L2 and L3—.
Additionally, in process H3 base case scenario is compared to another where Lysol, which

cannot be recovered, is substituted by SDS with a recovery unit by crystallization.
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Fig. 10. Variation of LCIA on sensitivity analysis to high-grade PHA processes, being 100% each
baseline process. H1 A, H4 A employ oil as source for heat production while option B employ natural
gas. H2 A and H2 B employ Polish and Swedish electricity mix respectively. H3 uses SDS as

surfactant and includes a crystallization unit.
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Fig. 11. Variation of LCIA on sensitivity analysis to low-grade PHA processes, being 100% each
baseline process. L1 A and L4 A employ oil as source for heat production while option B employ
natural gas. L2 add a crystallization unit for SDS recovery while L3 do not consider a crystallization

unit.

Fig. 10 and Fig. 11 quantify how would affect these changes in environmental performance
compared to base cases. First impression is that there are considerable variations in
environmental performance compared to the base case. While the adoption of natural gas as
heat source has negligible effect in almost all impact categories —due to heat average
production in Europe has natural gas as major heat source—, the utilization of oil can
aggravate environmental impacts in some categories up to 50%. The chosen electricity mix
in H2 can aggravate environmental impacts in a 30% by mean considering the Polish mix,
while can reduce them a 30% by mean if Swedish mix, based on renewable sources, was
adopted. Changing SDS instead Lysol as surfactant and including a recrystallization unit just
reaches a 4% of the total operating costs but can reduce environmental impacts by 50% due
to the reduction of utilized surfactant. Introducing an SDS crystallization step in L2 has
negligible effects in environmental impacts due to the small quantity of SDS employed.

Contrarily, by eliminating the SDS crystallization step in L3, environmental impacts could
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reach up to 125% by mean, due to a high quantity of SDS is employed in L3 process.
Therefore, easily recoverable chemicals are crucial for a better environmental performance.
As some processes are based on lab and pilot scale —i.e. TRL < 6—, a sensitivity analysis on
the reported extraction yield was carried out showing a significant influence on the results
(Table 9) both on process environmental impacts and costs (more than 10% in several
indicators for L3).

Table 9. Results of sensitivity analysis to extraction yield in process environmental impacts and costs.

A 5% increase and decrease of yield is considered.

GWP TA FE HT FEX FD Cost

Yield -5% 5% 5% 5% -5% 5% -5% 5% 5% 5% -5% 5% -5% 5%

H3 3% -4% 3% 5% 1% -5% 2% -4% 3% -5% 3% -5% 3% -5%

H4 7% -2% 6% -5% 6% -5% 6% -5% 7% 6% 6% -5% 5% -5%

L1 3% -3% 5% -4% 4% -4% 4% -3% 2% -2% 3% -3% 3% -3%

L2 5% -2% 5% -2% 5% -2% 5% -2% 5% -2% 5% -2% 4% -2%

L3 11% -10% 12% -11% 8% -7% 11% -10% 12% -11% 7% -6% [15% -14%

5. Discussion

While LCI and LCIA pointed out intensive energy use and high chemicals consumption in
processes based on solvent extraction and NCPM digestion as hotspots, sensitivity analysis
supports these statements and remarked the importance of reducing energy use and
employing greener energy sources and introducing chemicals recovery units where it is
possible. Additionally, considering the whole PHA production framework —i.e. fermentation or
facility characteristics which can establish a synergy with downstream process— and
technical assessment —i.e. possibility of heat integration or introducing chemical recovery
unit— improvements were proposed for some processes, as summarized in Table 10. See

Supplementary Information for process specifications and heat integration procedure.
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Table 10. Summary of improvement actions proposed for PHA downstream processes and their

effects in environmental and economic performance.

Environmental impacts Operating
SProces Hotspots Framework I;Qtp;cr)?]\;ement reduction costs
GWP TA FE HT FEX FD reduction
Canning 0 0 o, 90 o 73 0
L2 Heat duty industry Heat 83% 73%  13% % 53% % 32%
integration
L4 Heat duty Molasses 9 12%  12% 11% 5 15% 11 350
biorefinery % %

Despite being energy intensive processes, both H1 and H4 processes do not allow heat
integration from residual heat sources, due to all equipment —spray dryers and distillation
column— with heat duty requires low or medium pressure steam. As peroxide hydrogen, heat
duty and electricity are the major contributors to H2 environmental impacts, and heat duty is
consumed totally in the spray dryers as low pressure steam, the principal action to reduce
environmental impact would be employing electricity from renewable source. This could
reduce environmental impacts up to 20% by mean, as sensitivity analysis showed. Similarly
to H2 process, Lysol and heat production are the principal contributors to H3 process
environmental impacts. Thus, a heat source based on natural gas could reduce
environmental impacts.

Low-grade PHA downstream processes are more prone to allow heat integration, not within
the PHA production process itself, but given the most likely setups for these processes, i.e.
integrated in larger facilities. Indeed, in L2 process, framed within a canning industry facility
where larger amounts of residual vapor from food processing may be available [59], 4 t-h? of
vapor at 115 °C would be enough to cover the E-101 and E-102 heat duties. Heat integration
within downstream process —summarized in Supplementary information— is proposed for L4
process, where streams resulting of E-101, E-201, E-301 and E-302 can be partially

integrated reducing a 25% heat duty and a 35% in operating costs.
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6.

Conclusions

In this work, a detailed assessment of the economic and environmental performance of PHA

downstream processing has allowed identifying hotspots and provided a deeper

understanding of the process, leading to the proposal of operation and design guidelines.

Eight processes for both high-grade and low-grade PHA recovery were selected and

designed based on articles and patents. Also, a review on LCAs of PHA downstream and

production processes was realized, pointing out the key LCA-decisions in order to define the

goal and scope of the economic and environmental assessment. Sensitivity analysis

validates the results robustness and allowed to identify some actions that could be taken to

enhance PHA downstream processes performance.

As conclusion, valuable insights are extracted from the LCIA and sensitivity analysis:

It is verified that PHA downstream processes are highly energy intensive, especially
those based on solvent extraction. Real cases of biorefineries which could provide
part of the heat and solvent requirements were identified; the integration of the PHA
recovery in these larger processes would reduce the environmental impacts up to
50% pointing out at the opportunities for industrial symbiosis. The utilization of so-
called green solvents such as ethyl acetate, fusel alcohols, ethyl lactate or dimethyl
carbonate can improve the processes environmental performance. However, a higher
level of technical maturity in PHA extraction is needed to consider these alternative
solvents in full scale processes.

The use of surfactants and sodium hydroxide is a good environmental alternative
compared to organic solvent extractions; still, surfactant recovery by crystallization
can significantly reduce the environmental performance of the process.

Mechanical disruption seems to be the most promising method for high-grade PHA
from an environmentally point of view, even in cases where the electricity mix is
carbon-intensive. Surfactant treatment can be considered as the most promising

method for low-grade PHA.
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This work contributes to increase the available knowledge around PHA, supporting its
potential as an attractive material for a sustainable bioeconomy and framing current results

from PHA downstream processing in overall PHA value chain.
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