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ARTICLE INFO ABSTRACT

Keywords: Mussels cooking wastewater (MCW) and fish processing wastewater (FPW) were utilized as feedstocks for the
Life cycle assessment, mixed microbial cultures production of polyhydroxyalkanoates (PHA) and triacylglycerides (TAG) at the laboratory scale. This study
Polyhydroxyalkanoates presents a comparison of the techno-economic and environmental performance of ten circular economy-based
Sa?‘““y X and innovative processes, in which PHA/TAG are produced using Mixed Microbial Cultures (MMC), with
Triacylglycerides

benchmark wastewater treatments for MCW and FPW. The innovative systems were modeled based on the
upscaling of lab-scale data using mass balances, and a centralized downstream processing (DSP) plant was
proposed for PHA/TAG extraction. This study is the first to conduct a techno-economic and environmental
analysis of a system with a centralized DSP.

Consequently, the most favorable operational options were selected based on the techno-economic and
environmental performance of the ten proposed scenarios. The techno-economic evaluations demonstrate that
treatment costs for MCW and FPW could be reduced by 10% and 40%, respectively, compared to the benchmark
treatment. Furthermore, environmental impacts could be significantly reduced (e.g., 10-70% for global warming
potential) compared to the baseline scenario by implementing a system expansion approach.

Regarding the centralized DSP, the production cost of PHA from MCW falls within a competitive market
threshold, ranging from 0.95 to 1.18 €/kg. However, the production costs of PHA and TAG from FPW (1.40-2.21
€/kg PHA and 0.51-0.69 €/kg TAG) are hindered by the lower biomass concentration achieved. Hence, this study
demonstrates, for the first time, the potential feasibility of circular economy-based strategies for valorizing saline
industrial wastewaters through a centralized DSP approach.

Wastewater treatment

1. Introduction products such as volatile fatty acids (VFA), polyhydroxyalkanoates
(PHA) and triacylglycerides (TAG) [1,2]. These products can be further

Fish-canning industry effluents represent a challenging and utilized to obtain a wide range of high added-value products with
outstanding opportunity for resource recovery into added-value multiple applications, including biofuels, chemicals, and packaging

Abbreviations: AD, annual depreciation; ADF, aerobic dynamic feeding; AGS, aerobic granular sludge; AP, acidification potential; CAS, conventional activated
sludge; COD, Chemical Oxygen Demand; CSTR, continuous stirred tank reactor; Cyac, total annual costs; Crc, total capital investment; DAF, dissolved air flotation;
DSP, downstream processing; FBR, fed-batch reactor; F-EP, freshwater eutrophication potential; FPW, fish processing wastewater; FRS, fossil resource scarcity; GWP,
global warming potential; GHG, greenhouse gas; HDPE, high density polyethylene; HRT, hydraulic retention time; HT, human carcinogenic toxicity; L, labor costs;
LCA, life cycle assessment; LCC, life cycle costing; M, materials costs; m, maintenance costs; MCW, mussel cooking wastewater; ME, marine ecotoxicity; M-EP, marine
eutrophication potential; MMC, mixed microbial cultures; NPCM, non-polymeric cell material; ODP, ozone depletion potential; PB, payback time; PHA, poly-
hydroxyalkanoates; SBR, Sequencing Batch Reactor; SDS, sodium dodecyl sulphate; TAG, triacylglycerides; U, utilities costs; VFA, volatile fatty acids; WWTP,
wastewater treatment plant.
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materials [3,4]. However, the implementation of these products in the
market has been challenging.

Efforts have been made in solving major bottlenecks of the PHA
value chain, i.e., fermentation and downstream processing. For
example, a computer-aided design tool to assist decision-making, by
enabling the screening of organic wastes as potential substrates for PHA
production, was developed [5]. Additionally, an evaluation and opti-
mization of PHA downstream processes were carried out to select the
best available technologies [6]. Here, the TREASURE-TECHNOSALT"
project developed and evaluated a modular treatment train to valorize
and treat saline industrial effluents from the fish canning industry:
mussel cooking wastewater (MCW) and fish processing wastewater
(FPW). These effluents are addressed by TREASURE-TECHNOSALT
because they are highly available and frequently produced in the
Spanish North-Western region of Galicia. The treatment of these
wastewater types presents operational challenges, such as high salinity
concentrations, and high content of fat or nitrogen. As further explained
in section 3.1, conventional treatments include conventional activated
sludge reactors and dissolved air flotation units. These treatments are
effective, but they are energy intensive and do not produce added value
(i.e., they are not valorization techniques). Hence, different strategies
were adopted to overcome those challenges.

Thus, the treatment and valorization of those effluents into PHA and
TAG using mixed microbial cultures (MMC) were proposed as alterna-
tives [7-10]. In this sense, Argiz et al. [7-9] investigated various feeding
and operational strategies to maximize either PHA or TAG accumulation
using FPW as feedstock, while Roibas-Rozas et al. [10] studied the
simultaneous protein removal and PHA accumulation by adopting
different process configurations using MCW as feedstock.”

Nevertheless, there is a scarcity of studies assessing the techno-
economic and environmental feasibility of PHA/TAG from waste feed-
stocks using MMC. Furthermore, wider approaches rather than case-by-
case solutions are needed, so these circular economy-based strategies
can be further implemented. These strategies might include the
centralization of downstream operations for resource optimization.

In this sense, previous works explored and validated the environ-
mental feasibility of valorizing industrial wastewater into PHA, where
environmental feasibility is defined by lower environmental impacts
than the benchmark treatment (without valorization). Here, different
(de)centralization options were suggested as a key for further viability
[11]. For this reason, in this study, the option of a centralized extraction
facility is evaluated for the first time for a system producing PHA/TAG.

Thus, several circular economy strategies are studied and compared
to the current treatments for fish cannery wastewater to test its envi-
ronmental and economic feasibility. In this sense, circular economy
strategies are referred to as treatment approaches that involve waste
valorization (transformation in value-added products such as PHA and
TAG). Moreover, feasibility is defined as the lower cost/environmental
impact of the circular economy-based treatments compared to the cur-
rent treatments applied in fish cannery wastewater treatment plants
(WWTPs).

Thus, the twofold objective of this research work is to i) select the
best operation conditions to treat, while valorizing, saline industrial
wastewaters (MCW and FPW) and ii) determine whether a centralized
downstream processing facility to produce PHA and TAG would lead to
economic and environmental feasibility. To achieve these objectives,
scenarios based on different processing configurations are developed
and upscaled from lab-scale data (described in section 2.3). Then, cir-
cular economy-based scenarios are assessed from a technoeconomic and
environmental perspective to select the best strategies for wastewater
management (section 4), while the centralized PHA/TAG downstream

1 https://biogroup.usc.es/treasure.
2 The PHA obtained is a mixture of Polyhydroxybutyrate (PHB) and Poly-
hydroxyvalerate (PHV) with up to 25% PHV.
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processing facility is evaluated in section 5. Finally, results and future
outlooks are discussed in section 6.

2. Methodology

First, lab-scale systems for PHA/TAG production were operated for
long periods of time (more than one year per system) to gather data (see
references [9,10,11]). These systems were operated with mixed micro-
bial cultures (MMC) and they consisted of a system of several bioreactors
operated with wastewater from fish canneries (MCW and FPW). The
experimental data obtained, such as kinetic parameters, biomass con-
centration, and effluent quality were then used to upscale the bio-
reactors and the wastewater management systems using Excel
spreadsheets. The mass balances are described in section 3 and further
explained in sections S1 to S3 of the Supplementary Material (SM)).

Industrial scale processes differ significantly from lab-scale and pilot-
scale processes in terms of equipment, technologies used, and perfor-
mance data. Thus, to assess the environmental and economic perfor-
mance of emerging technologies, upscaling frameworks can be used to
project industrial scale levels [12].

Next, lifecycle-thinking strategies were employed to evaluate the
systems. Then, those circular economy-based scenarios that demonstrate
better techno-economic and environmental performance (assessed in
section 3.3) are selected for the evaluation of centralized PHA/TAG
extraction. In section 5, the scenarios with the best performance are
analyzed including downstream processing carried out in a centralized
facility (see S4 in the SM). Two different approaches were considered:
one where only PHA was recovered, and another were both PHA and
TAG were recovered.

2.1. Environmental evaluation by life cycle assessment (LCA)

Environmental life cycle assessment (LCA) is a systematic and stan-
dardized methodology which determines the process’ or product’s
environmental impacts throughout its life cycle. In this study, LCA was
performed according to ISO 14004 and 14,040 [13]. In the following
sections, it will be described the definition of the goal and scope, the
functional unit and system boundaries (section 2.3), and the impact
categories selected and the impact assessment methodology applied
(section 2.1.1).

2.1.1. Background information and impact assessment

With regards to the background data, the ecoinvent 3.7.1 database
was used [14]. The analysis of the environmental impacts followed a
midpoint approach, with global warming potential (GWP), ozone
depletion potential (ODP), acidification potential (AP), freshwater and
marine eutrophication potential (F-EP and M—EP), marine ecotoxicity
(ME), human carcinogenic toxicity (HT) and fossil resource scarcity
(FRS) as the selected impact categories according to the latest reviewed
LCAs on PHA production [15]. The impacts categories were assessed
using the Hierarchist ReCiPe (H) v1.13 [16].

The assumptions made in the present study related to the LCA and
the LCC are summarized below:

e Infrastructure is not included within the LCA system boundaries.

e The transport activities are not considered since previous studies for
similar systems showed that their impacts are not significant for
short distances, as these fish canneries are located at distances
shorter than 10 km [11].

High density polyethylene (HDPE) and biodiesel are assumed as the
avoided products for PHA powder and TAG production, respectively,
within the system expansion approach in the centralized biorefinery.
Note that the selection of these avoided products is a methodological
limitation of the study, which is discussed in section 6.1.
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2.2. Economic evaluation by life cycle costing (LCC)

Life cycle costing (LCC) is an economic assessment method aligned
with the environmental LCA in terms of system boundaries, functional
unit, and methodological steps [17]. In general, costs can be divided into
capital and operational costs. Regarding the former, the delivered
equipment costs (Cpg) were estimated using correlations based on the
characteristic size of each individual equipment [18] (see section S5 and
S6 of the SM). Next, the total capital investment (Crcy) was estimated by
using the Cpg, applying a Lang Factor (Lf) of 5.03 (which is characteristic
for a solids-fluids processing plant) and a Chemical Engineering Plant
Cost index (CEPCI) of 607.5 for the year 2019° (see Eq. (1)). The annual
depreciation (AD) was calculated based on the Cy¢j, with an interest rate
(i) of 5% and a Project Lifetime (PT) of 20 years (see Eq. (2)). Concerning
the latter, the total annual costs (Crac) were estimated using Eq. (3),
which accounts for: utilities (U) and materials (m) costs. These costs
were calculated based on the inventories of mass and energy flows
(combined sections 3 and 4, S2-S5 of the SM) and literature [18].
Additionally, the maintenance costs (M) were assumed to be 3% of the
Crcp, and labor costs (L) were estimated as 10% of the Crac [18].

CTCI = CDECEPClLf (l)
AD = Crer [i(1 +1)77] /[(1 +1)7 = 1] ()

2.3. Goal & scope

The goal of this LCA and LCC is to assess the circular/innovative
strategies for valorizing industrial saline effluents from both a techno-
economic and environmental perspective. Since the function of the
system is to treat (valorize) these effluents, the chosen functional unit
(FU) is 1 kg Chemical Oxygen Demand (COD) in wastewater (for
both the environmental and economic analyses). This is equivalent to
0.090 and 0.245 m> of MCW and FPW, respectively (in refer to Table S2
and Table S3 in the SM for detailed wastewater characterization, which
defines the FU and reference flows). Selecting this FU allows for the
comparability of the two different systems. For instance, if 1 kg of PHA/
TAG was chosen as FU, as done many times [15], the conventional
systems cannot be compared. Accordingly, if 1 m® of wastewater was
chosen as FU, systems treating different types of wastewaters (such as
MCW and FPW) will not be comparable due to their different organic
load. Therefore, the mass of organic matter to be treated/valorized is the
most suitable unit to represent the function of the evaluated systems.
This choice applies to both environmental and economic assessments,
representing impacts per kg COD treated and € per kg COD treated,
respectively).

The first step of this study (section 3) involves defining the processes,
systems, and scenarios to be assessed, from a circular economy
perspective, in contrast to the traditional linear approach.

The second step (section 4) focuses on evaluating the up-scaled
material and energy flows (obtained from the systems validated at lab-
scale). This evaluation aims to compare their techno-economic and
environmental performances with respect to the current (conventional/
lineal) industrial treatments. In this second step (section 4), the system
boundaries include the wastewater treatment and valorization sections
(PHA/TAG-rich biomass production, but not PHA/TAG extraction). The
goal of section 4 is to choose the systems with the best techno-economic
and environmental performances. Then, the next step (step 3, section 5)
aims to analyze the selected systems. In section 5, system boundaries
include PHA/TAG extraction, and the PHA/TAG products are modelled

3 2019 was chosen as the last year representing a stable economic situation,
avoiding inflationary episodes and other non-representative economic trends.
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using system expansion (see section 2.3.1).

Note that, for the economic analysis, the cost is expressed as the
wastewater treatment cost, which is represented by Crac (€/year, Eq. (3)
divided by the reference flow (kg of COD treated per year) in section 4
(thus, €/kg COD treated based on the chosen FU). However, in section 5,
the cost of PHA/TAG production is also presented in €/kg of polymer to
stablish the polymer production cost. This is calculated by dividing the
treatment costs (€/kg COD) by the system yield (kg PHA/TAG produced
per kg COD treated).

2.3.1. Methodological choices for the assessment of a centralized DSP

The third step of this study (section 5) aims to determine whether a
centralized PHA and TAG downstream processing facility could help to
improve the techno-economic and environmental performance of the
production systems. Note that the FU is still the mass of COD in the
influent of the WWTP, allowing for the comparison of all scenarios.
Furthermore, to study the economy of scale, different influent flows are
considered (10, 20, and 50 times higher volumetrically). Thus, a scale
ten times higher than the current one (x10) is considered, representing
ten small facilities that collectively provide PHA/TAG-rich biomass to be
extracted in a centralized facility. Accordingly, scenarios for twenty
(x20) and fifty (x50) WWTPs are also assessed, with a centralized DSP
facility of higher capacity. Results in this section are consistently
expressed per FU (1 kg of COD) or per reference flow (kg COD treated
per year). The selection of these production volume represents the
number of existing canneries in this area of Spain. Currently, there are
around 100 canneries [11], so 50 is considered the maximum number of
facilities involved.

The system boundaries in Section 5 consider a gate-to-gate
perspective, where the wastewater enters the system burden-free. While
in Section 4 (where only wastewater treatment is considered), the sys-
tem boundaries cover from the wastewater reception until the discharge
of the effluents to the environment, in Section 5, the system boundaries
also include the downstream operations for PHA/TAG. Thus, in section
5, the system boundaries include the WWTP modeling as in Section 3, in
addition to the centralized DSP (i.e., PHA and TAG extraction and pu-
rification). Here, PHA and TAG products are modelled using a system
expansion approach.

Therefore, the system boundaries encompass two sequential gate-to-
gate systems: one for wastewater treatment, (i.e., waste valorization)
and another for DSP operations (PHA/TAG extraction). This allows for
expressing the cost/environmental impacts of the system as a whole (per
FU — kg COD - or kg PHA) or as one of the sequential gate-to-gate
subsystems (hence, the cost/environmental impacts of wastewater
treatment and DSP can also be expressed individually).

Thus, the costs and impacts of wastewater treatment are allocated to
the WWTPs, while the costs and impacts of PHA/TAG production
(extraction) are attributed to the DSP facility. Therefore, the cost of
PHA/TAG production is solely due to the extraction process.

Note that for environmental LCA, the burdens and benefits of bio-
materials production (PHA/TAG extraction and PHA/TAG replacement
of fossil products by system expansion) are allocated to the centralized
facility where DSP is carried out (shaping, compounding, use and end-
of-life phases of PHA/TAG are excluded from the system boundaries).

Finally, for the system where both PHA and TAG are produced, costs
are assigned using mass allocation. Thus, the cost of the production of
each compound is calculated based on the mass percentage of each
product over total mass of bioproducts (TAG + PHA) extracted.

3. Systems and scenarios definition

The scheme of the scenarios assessed is depicted in Fig. 1, and the
variables that change between scenarios are summarized in Table 1.

The production systems were categorized based on the type of saline
industrial effluents treated, namely MCW or FPW. Additionally, the
systems were classified according to the processing approach, whether
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FPW Innovative and/or Circular Economy-Based SB1
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economy-based SB3
SB4
Innovative SB5

SB6

Fig. 1. Graphical representation of scenarios assessed under different approaches and process configurations. The mussel represents the MCW for System A (SA), and

the tuna fish represents the FPW for system B (SB).

Table 1
Summary of scenarios, including main technical differences between systems.
Scenario  Approach Enrichment Modification Other modified
type in the ADF variables
SAO Linear Continuous Does not apply -
SA1 Circular ADF No. Low pH in
acidification
SA2 Circular Modified Settling stage Low pH in
ADF acidification
SA3 Circular Modified Settling stage Low pH in
ADF acidification and
High Organic
Loading Rate in the
enrichment
SA4 Circular ADF No High pH
SBO Linear Continuous Does not apply — —
SB1 Circular ADF No -
SB2 Circular Modified Uncoupling C/  Dilution water
ADF N feeding addition along with
the nitrogen in
enrichment
SB3 Circular Modified Uncoupling C/  Dilution water
ADF N feeding addition along with
the carbon in
enrichment
SB4 Circular Modified Uncoupling C/  Low pH in
ADF N feeding enrichment
SB5 Circular Modified Uncoupling C/  Neutral pH in
ADF N feeding enrichment
SB6 Innovative*  — - -

* The oil fraction is used for biodiesel production while the wastewater is treated
using aerobic granular sludge.

linear or circular, and the specific process configurations. These con-
figurations involved various aspects such as enrichment type, modifi-
cations in the aerobic dynamic feeding (ADF), and adjustments to cycles,
including pH or feeding strategy.

€Detailed discharge limits and characterization of the industrial

effluents (MCW and FPW) can be found in Sections S1-S3 of the SM. The
scenarios under study are categorized as System A (SA) and system B
(SB), corresponding to MCW and FWP respectively. The index O refers to
the linear approach, which represents the benchmark, while indexes
1—75 represent different circular approaches that have been initially
tested at the lab-scale and subsequently scaled up for techno-economic
and environmental evaluation.

In system SA, the wastewater is directly treated/valorized. In system
SB, oil is first separated from water and then water and oil are treated in
different process lines. However, SB6 in SB takes a different approach.
Instead of the biological on-site valorization of oil into PHA/TAG as in
SB1-SB5, the oil fraction of FPW is sent to an external facility for bio-
diesel production (as in the current scenario SB0). Meanwhile, the
wastewater is still treated using aerobic granular sludge (AGS) as for
SB1-SB5. Therefore, this scenario is considered innovative rather than
circular due to the non-biological oil valorization.

3.1. Linear approaches

The linear approach represents the benchmark treatment for
wastewater management in the fish canneries. These two scenarios (SAO
and SBO) were defined using publicly available data, samples taken on-
site, and mass balances.

3.1.1. Mussel canning wastewater

SAO represents the current linear treating for MCW (Fig. 2) and
serves as the baseline scenario. It has an influent flow of 33,000 m3/
year and an organic matter concentration of 11 kg COD/m®. This flow
represents the average inlet of wastewater treated by the WWTP of the
mussel cannery. The process design, flow, and plant configuration are
based on information available in previous studies [11,19,20].

The treatment process begins with a primary settler that removes
solids enhanced by the addition of iron (III) chloride. Then, there is a
homogenization tank prior to a conventional activated sludge (CAS)
unit. The CAS consists of one anoxic chamber and four aerobic
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Fig. 2. Layout of the current linear treatment process of MCW. Dashed lines represent streams with high solids concentration and continuous lines represent

liquid streams.

continuous series reactors, with a combined volume of 1,200 m®. The
primary and secondary sludges are dehydrated in a centrifuge, and the
resultant supernatant is returned to the homogenization tank. The
dehydrated sludge is composted, which is the prevalent sludge man-
agement alternative for food industrial sludge in the region [11].

3.1.2. Fish processing wastewater

Fig. 3 illustrates the current linear treatment for FPW, which serves
as the baseline scenario (SB0O) for FPW. The process design is based on
the public records of the local government [21]. It operates at a flow of
231,000 m>/year and with an organic matter concentration of 4 kg
COD/m®. This flow represents the average wastewater inlet treated by
the WWTP of the cannery.

The treatment starts at the dissolved air flotation (DAF) unit, which
effectively removes approximately 95% of fats and 80% of solids present
in the FPW. The remaining wastewater is treated in a 5,000 m> CAS
reactor divided into eight continuous series reactors, consisting of two
anoxic and six aerobic chambers with internal recirculation. The sludge
generated in the DAF unit is settled in 1 m® tanks to remove naturally
floating oils. The oil fraction is sent to an external facility where it is
transformed into biodiesel. Afterwards, the remaining non-oil DAF
sludge and the centrifuged CAS waste solids are sent to an external fa-
cility that centralizes sludge treatment by anaerobic digestion.

3.2. Circular/innovative approaches

This section provides an overview of the systems employed for the
treatment and valorization of MCW and FPW within a circular economy
framework. The design of these scenarios was developed based on
extensive lab-scale operations, detailed information about which can be
found in sections S2 and S3 of the SM, and in the literature [7,8,9,10].

Each system (SA with MCW and SB with FPW, represented by SA1 —
SA4 and SB1 - SB6 scenarios) underwent continuous operation for over

year, using actual wastewater obtained from the fish canneries. During
this operation, various stages were implemented under different oper-
ational conditions (see Table 1). This enabled the collection of kinetic
and operational parameters such as biomass concentration, specific PHA
production, and effluent quality. These parameters obtained experi-
mentally are used for conducting the mass balances applied for the up-
scaling.

To upscale the system from the lab-scale size to the required capacity
for treating the wastewater flows from the canneries® WWTP (33,000
m3/year for MCW and 231,000 m3/year for FPW, see sections 3.1.1 and
3.1.2), mass balances were performed using Excel spreadsheets. This
upscaling process was used to calculate the size of biological reactors
and other process units of the WWTP (see the mass balances in sections
$2.3 and S3.3 of the SM). The remaining plant equipment (i.e., pumps,
centrifuges, reactors, stirrers, blowers, etc.) were designed according to
the literature [18] (see the equations used for the design in section S5
the SM). The results of these mass balances are presented in sections 4.1
and 4.2, while sections 3.2.1 and 3.2.2 describe the systems based on
innovative and circular approaches.

3.2.1. Mussel canning wastewater

The alternative four scenarios for MCW valorization under a circular
approach (SA1 to SA4) were developed and scaled-up based on lab-scale
results described in Roibas-Rozas et al. [10]. Systems SA1 to SA4 use a
typical three-stage process for PHA production: 1) wastewater acidifi-
cation in a continuous stirred tank reactor (CSTR), 2) MMC enrichment
with ADF in a Sequencing Batch Reactor (SBR), and 3) biopolymer
accumulation in a Fed-Batch Reactor (FBR) (Fig. 4).

The scenarios were defined depending on the ADF strategy for
enriching the MMC SBR (see Table 1) and the pH and alkalinity condi-
tions in the acidification CSTR. Subsequently, the remaining waste
streams are treated in a CAS. The sludge streams from the CAS and CSTR
are thickened in a centrifuge and treated externally by composting. Note

Q@ ,r_ o **QBIOREACTOR
)
*k

Qouter

|
i o e '
DAF Jo-| Anoxic Aerobic Aerobic Aerobic Aerobic Aerobic Anoxic Aerobic —
QinLeT |
|
D } 1 Ht |
Compressar : R TT--"-"-"-""=-" " ”"-”"”"”"”"=”-”"¥- - & ” "¥«"” "¥&"¥7—/”VV—"V—_-——_V—_- V- /- /- -J
|

Polyelectrolyte |
Qo
- — — — - — — —

QrotaL-sLupce Sludge
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Fig. 3. Layout of the current linear treatment process of FPW. Dashed lines represent streams with high solids concentration and continuous lines represent
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that some streams are optional and may vary across different stages
(indicated by grey lines in Fig. 4, representing recirculation and with-
drawal streams non present in all stages). For detailed information on
the individual process configurations, mass balances, reaction volumes,
stream flows, and additional details for each scenario, refer to sections
$2.2 and S2.3 of the SM.

3.2.2. Fish processing wastewater

The oil fraction of the FPW is separated in a DAF unit, as for SBO, and
it is further valorized into PHA and TAG using an MMC (Fig. 5), as re-
ported by Argiz et al. [9]. Hence, five process configurations (SB1 - SB5)
have been considered, each characterized by different feeding strategies
and pH conditions (see Table 1). Fats hydrolysis into long chain fatty

<D S

acids and MMC enrichment are carried out simultaneously in the
enrichment SBR, while fats hydrolysis and biopolymer accumulation are
carried out simultaneously in the accumulation FBR, avoiding the need
for an acidification step. This is possible in this system since the long-
chain fatty acids are hydrolyzed into shorter fatty acids [9]. Conse-
quently, there is no requirement for VFA fermentation in this system,
and as a result, the SB scenarios do not include an acidification unit.

The fat-free wastewater is treated in a sequencing batch reactor
based on AGS. Solids washed out from the AGS are decanted in a settler
without additional coagulants. Then, both AGS washout and DAF waste
solids are concentrated in a decanter using chemicals, while supernatant
is treated by the AGS. Finally, the thickened solids are externally treated
by anaerobic digestion.
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Fig. 5. Layout of the circular economy based WWTP for FPW. Color legend: waste streams returning to the main process line (the AGS feeding) are red, dilution
water (recirculated from the outlet) is green, and oil streams are yellow. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 5 represents the setup of the circular economy based FPW
valorization process and labels the key stream flows required to perform
the mass balances. More details about mass balances and process
configuration can be found in Sections $3.2-S3.3 of the SM.

3.3. Centralized PHA downstream processing

For the three centralized downstream cases (PHA from MCW, PHA
from FPW, and PHA + TAG from FPW), it was assumed that waste solids
are managed by centralized anaerobic digestion. The DSP for PHA/TAG
was modelled using Aspen HYSYS as indicated in Saavedra del Oso et al.

[6].

3.3.1. PHA extraction

When only PHA is accumulated, the downstream processing tech-
nology used (Fig. 6) was chosen according to Saavedra del Oso et al. [6]
where mechanical disruption was selected as the most competitive
technology from both environmental and economic perspectives. For
more information about process configuration, see section S4.1 in SM.

The process consists of a microfiltration membrane to concentrate
the solids in the PHA-rich stream. Then, the solid-rich stream is acidified
with sulfuric acid in a reactor followed by a high-pressure homogenizer
and an alkaline reactor where sodium hydroxide and sodium dodecyl
sulphate (SDS) are added to dissolve the non-polymeric cell material
(NPCM). Another microfiltration membrane is used to both remove the
solved NPCM and concentrate the PHA solid stream. Finally, the ob-
tained powder is washed with water to remove impurities, and then a
microfiltration membrane and a spray drier are used to obtain the pu-
rified PHA. All the permeates generated along the downstream pro-
cessing (DSP) will be treated in a DAF unit.

3.3.2. PHA and TAG combined extraction

When both PHA and TAG are accumulated by the biomass, an
alternative downstream process was designed which includes an extra
section using a hexane/methanol mixture to recover the TAG based on
Park et al. [22] and Saavedra del Oso et al. [6] (Fig. 6). For more in-
formation about process configuration, see section S4.2 in SM.

The main process difference with respect to the one in Fig. 6 is a
higher temperature for the high-pressure homogenization (80 °C) and
the fact that the permeate from the second membrane (after the me-
chanical disruption and the addition of SDS) is sent for TAG recovery.
This stream is submitted to a hexane/ethanol extraction, and TAG is
further recovered through a microfiltration membrane. Finally, hexane
and ethanol are recovered in two distillation units.

4. Selection of best circular economy-based strategies for
wastewater treatment

Once validated at lab scale, those process systems were up-scaled to
perform a techno-economic evaluation and an environmental impacts
analysis, and to compare them with the linear treatments currently
applied in industry. The goal is to select the best treatment approach to
analyze a biorefinery system with a centralized DSP in section 5. In

Sulfuric Acid

Qosp

homogenizer
Wastewater

treatment (DAF

Sodium Hydroxyde

SDS
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sections 4.1 and 4.2 the wastewater treatment systems for MCW and
FPW are analyzed considering only the treatment systems (thus, PHA/
TAG extraction is not included in the system boundaries at this level of
the assessment).

4.1. Mussel cooking wastewater (MCW) treatment

The mass and energy balances for each scenario were performed
according to lab-scale results [10]. The reactor volumes, stream flows,
energy consumption, and the design of the different process units were
also determined for each process configuration (Table 2, and section
S$2.3 and S5 in the SM).

The mass and energy flows (i.e., inventories) of the upscaled pro-
cesses were used to calculate both the environmental impacts (due to
energy/chemicals use and direct emissions) and process costs (due to

Table 2
Flows of the main streams, reactor volumes and energy use, of the System A
scenarios using MCW.

SA1 SA2 SA3 SA4 SAO
Stream flows (m>/ clay)1
QINLET 100 100 100 100 100
foyiey 42.5 28.3 27.2 53.4 -
Qacc 55.9 70.3 71.1 43.4 -
Qinoc 42.5 12.6 13.6 54.4 -
Qwrit - 15.7 13.6 - -
Qre 110.2 3.1 - 111.4 -
Qcas 86.9 90.7 87.6 87.9 127.2
Qpsp 14.8 12.4 12.7 14.7 -
QTOTAL-SLUDGE 1.8 1.7 2.0 2.5 31
QouTLET 83.4 85.9 85.3 82.8 96.9
PHA (kg/day)? 26.0 45.3 176.9 34.2 -
Reactor volumes (m®)®
VEnrR 152.7 31.4 27.2 165.8 -
Vace 49.2 41.5 42.3 48.9 -
Veas 92.4 199.7 115.8 147.0 1276.0
Energy consumption (kWh/day)
Electricity Total 271.6 294.9 268.0 296.3 584.9
Pumps 4.1 4.6 3.4 4.3 0.4
Stirrers 178.3 201.2 177.5 192.5 35.0
Aeration 72.3 71.0 71.0 80.9 534.7
Centrifuges 16.8 18.0 16.2 18.6 14.9

1 Quigr is the daily inflow, Qgngr and Qacc are the feedings of the SBR and FBR,
respectively. Qnoc is the enriched biomass to the FBR from the SBR (in stages
SA1, SA2, and SA4, it is the concentrated stream out of the settler after the SBR,
in stage SA3 it is directly the SBR effluent). Qwirnp is the withdrawal from the
SBR for stages SA2 and SA3, and Qg is the biomass-free SBR effluent used for
feeding dilution in stages SAl, SA2, and SA4. Qpgp contains the PHA-rich
biomass to be extracted, Qcas is the wastewater flow to the conventional acti-
vated sludge (CAS) unit, and Qrorar-sLupge is the stream with thickened solids
wasted from the system. Qoyrrer is the treated wastewater effluent to be dis-
charged to the environment.

2 PHA values refer to the biopolymer contained inside the biomass cells, as
extraction is not performed in this step because the system boundaries stop at the
WWTP gate.

3 Ving, Vacc and Veag refer to the volumes of the enrichment (SBR), accumu-
lation (FBR) and conventional activated sludge (CAS) reactors respectively.

Water

- - @O—»@ -»@» -»---» PHA
High-pressure

<

unit)

Fig. 6. Flowchart of the PHA downstream process. Dashed lines refer to streams with high solids concentration.
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utilities and equipment cost as indicated in section 2.2 and S6 of the SM).
The costs estimation summary is shown in Table 3 and Fig. 8.

4.1.1. Techno-economic analysis for SA

In the case of the conventional system SAO, the main direct cost
(about 80%) is due to the CAS reactors and to indirect costs linked to
electricity for aeration. For scenarios SA1 to SA4, the reactors account
for around 40% the direct costs, where the pumps and centrifuge oversee
about 50% of the remaining expenses. Within the reactors cost, the CSTR
has the biggest share for SA1-SA4 as it has a high volume (1000 m?)
compared to the lower volume of the SBR and FBR (50 — 100 m?,
Table 2). Accordingly, the stirrers of the acidogenic reactor consume
more power than the aeration of the aerobic reactors. Regarding indirect
costs, the main expenses are due to sludge management. In the case of
SA4, higher waste management costs (especially in comparison to SAQ
which produces the largest amount of sludge) are due to a higher solid
concentration caused using chemicals in the process.

Thus, for conventional linear systems, the cost of the reactors
together with aeration and sludge management are the main cost hot-
spots. Circular economy-based approaches have lower aeration and
sludge management costs due to the use of sequential reactors instead of
continuous ones, but attention must be paid to pumps and centrifuges.

The cost of treating MCW under a linear economy approach (SA0) is
0.53 €/kg COD, while treating it using circular economy-based ap-
proaches would lead to costs in the range of 0.48 — 0.61 €/kg COD
(Fig. 8). Note that, PHA production (extraction) is not included in the
system boundaries yet. Therefore, the potential economic success of the
circular economy-based process at this assessment level does not rely on
the PHA value, but on the improved capacity of the systems proposed to
treat the MCW more cost-efficiently.

Excluding scenario SA4 with higher operational costs due to more
use of chemicals, the cost of treating wastewater under the circular
economy-based approaches (SA1, SA2, and SA3) is in the range 0.49 +
0.01 €/kg COD. The scenario with the lowest cost is SA3, with 0.48 €/kg
COD.

4.1.2. Environmental analysis for SA

In order to select the best design scenario, the environmental impacts
assessment was performed considering eight impact categories as
described in Section 2.3. The results of the circular economy-based ap-
proaches are shown in Fig. 9 with respect to the scenario with the largest
impacts SA4. Hence, SA4 is the worst option due to the use of chemicals
for pH control in the acidification CSTR, which coincides with the
highest cost.

The greenhouse gas (GHG) emissions of the scenarios are in the range
of 0.21—0.60 kg COz-eq/kg COD treated, as shown in Fig. 10. The full
characterized results are shown in the Supplementary Table of the SM.

The main driver for the impacts in the studied categories is the use of
electricity and the treatment of sludge by composting (see the

Table 3

Equipment purchase cost and main utilities costs for the scenarios SAO — SA4
with MCW (for a 33,000 m3/year of wastewater, so 100 m3/day and 330
workdays/year).

SAl SA2 SA3 SA4 SAO
Equipment Purchase Cost (k€) 269.7 269.7 243.9 281.8 254.2
All reactors 109.9 106.9 101.3 115.7 193.0
(CSTR alone) (72.8)  (72.8) (72.8) (72.8) -
Pumping 90.6 92.8 73.9 96.4 22.6
Stirrers 19.3 20.7 19.2 20.5 6.0
Blowers 2.6 2.6 2.6 2.6 13.1
Centrifuge 46.8 46.8 46.8 46.8 19.5
Main Utilities’ Costs 41.1 39.2 43.0 53.5 59.6
(k€/year)
Electricity 10.8 11.7 10.6 11.7 23.2
Sludge management 30.4 27.5 32.4 41.8 36.4
Crcr (M€) 1.39 1.39 1.26 1.45 1.29
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contribution analysis in section S7 of the SM). In fact, an electricity use
considerably lower for SA1 - SA4 than for the linear economy scenario
SAOQ causes the generally lower environmental impacts of the circular
economy-based scenarios with respect to benchmark SAO. However,
when the use of chemicals increases (SA4), this becomes the most
relevant driver for most categories. Moreover, sludge management by
composting generates noticeable impacts in GWP, ODP and AP for all
scenarios (see section S7 in SM).

4.1.3. Selection of the best scenario for SA

Scenario SA3 is selected as the best option for further analysis in
section 6 due to lower costs (Fig. 8) and lower climate change impacts
than the benchmark scenario (Fig. 10), and higher PHA accumulation
(Table 2).

4.2. Fish processing wastewater treatment

The mass and energy balances for each scenario were performed
according to lab-scale results [9]. The reactor volumes, stream flows,
energy consumption, and the design of the different process units were
also determined for each process configuration (Table 4, and section
S$3.3 and S5 in the SM).

The mass and energy flows (i.e., inventories) of the upscaled pro-
cesses were used to calculate both the environmental impacts (due to
energy/chemicals use and direct emissions) and process costs (due to
utilities and equipment cost as indicated in section 2.2 and S6 of the SM).
The costs estimation summary is shown in Table 5 and Fig. 11.

4.2.1. Techno-economic analysis for SB

The reactors with an innovative/circular approach (SB1-SB6) have
smaller volumes than the one used under the conventional approach SBO
(Table 4). This is due to the shorter residence times linked to the oper-
ation of the innovative AGS reactors (HRT = 10 h) compared to the CAS
ones for this industrial wastewater treatment (HRT = 7.1 days). How-
ever, scenarios SB1-SB5 have more process units and pumps. Hence,
even when there is no CSTR unit in the circular SB scenarios (SB1-SB6),
as the oil is hydrolyzed in the SBR and FBR [9], there is an AGS unit that
also has significant aeration requirements.

In fact, the AGS process has higher oxygen needs per unit of volume
of reactor than the CAS process. However, the CAS reactor has a volume
of 5,000 m® while the AGS has a volume of approximately 360 m®.
Consequently, Table 5, which summarizes the costs estimation, shows
that the operating costs of the AGS unit are still lower than those of the
CAS unit. In fact, the circular/innovative scenarios (SB1-SB6) have in
general lower total management costs than the current linear one (SB0)
(see Table 5 and Fig. 10).

On the other hand, SBO and SB6 present operational costs higher
than the circular economy-based scenarios (Table 5). Nevertheless, for
SB6, indirect costs are approximately the same as for circular scenarios
SB1-SB5, since the cost of waste management (including oil treatment)
is very high, while the electricity needs are lower, and no heat is used.
However, In the case of the conventional scenario SBO, both the costs of
oil and waste sludge treatment, as well as the energy demand due to
aeration requirements in the biological reactor, are higher compared to
SB1-SB6.

The circular economy-based scenarios considered are more
economically attractive than the current treatment process (Fig. 11).
However, the cost of on-site oil valorization is still higher compared to
the external treatment for biodiesel production, as implemented in SB6.
In fact, the cost of the biological valorization of oil into PHA/TAG is
around 1,100 €/m>, while the current cost for oil management is around
500 €/m> [23] (which is, approximately, 0.48 €/kg CODoy, for biolog-
ical valorization versus 0.22 €/kg CODgyy, for biodiesel).

Treating FPW with the existing technology costs 0.52 €/kg COD
(SB0), while treating it by the alternative scenarios would result in a cost
of 0.30 - 0.33 €/kg COD for SB1-SB5. Moreover, cost is as low as 0.21
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concentration of 11 kg COD/m?) of the System A scenarios with MCW.

€/kg COD (SB6) using AGS without valorizing the oily fraction into
PHA/TAG (Fig. 10). Here, SB6 has higher costs due to sludge manage-
ment, but the higher cost linked to the heat and electricity requirements
of the biological valorization of the oil, and higher direct costs for SB1-
SB5 with respect to SB6 hinders the economic feasibility of TAG pro-
duction in the circular/innovative approaches with respect to biodiesel
production (Table 5).

4.2.2. Environmental analysis for SB

Regarding the environmental impacts, the alternative processes have
lower impacts than the current one for all categories except for M—EP
(see Fig. 12 and the contribution analysis of each scenario in section S7
in the SM) due to minor differences in the quality of the effluent, even
though all processes comply with the discharge limits. Only SB1 per-
forms slightly worse in some categories because of the higher use of
chemicals for the enrichment of the MMC, as explained in section 4.1,
dosages were not optimized during this stage. The GHG emissions of the
SB scenarios are 0.57—0.20 kg CO»-eq/kg COD treated, as shown in
Fig. 13 (the full characterized results are shown in the Supplementary
Table of the SM).

The main drivers behind the impacts for the SB cases are the use of
electricity and the treatment of biowaste (see Fig. 13 and section S7 of
SM). The use of chemicals (ammonium chloride and sodium bicarbon-
ate) is also relevant for some scenarios like SB1, as the enrichment
process in the valorization system had uncoupled nitrogen and carbon

feedings and pH control.

Moreover, as the operation of the valorization reactors for SB needs
to happen at a mild temperature range to avoid oil solidification, the use
of heat has non-negligible impacts for this system. So, the steam con-
sumption results in additional environmental impacts (10 — 20% of
GWP, AP and ME, see Fig. 13 and section S7.2 and the Supplementary
Table of the supplementary material). Finally, the use of anaerobic
digestion for sludge management results in environmental credits
(specially for ODP, ME and HT, but also for GWP) as it generates biogas.

Finally, managing oil externally by esterification for biodiesel pro-
duction (SB6) results in the best environmental profile of all the studied
scenarios. Therefore, replacing the current CAS by a system based on
biofilms and AGS would lead to lower use of electricity, heat, and
chemicals, so the process would have a better profile both economically
and environmentally.

4.2.3. Selection of the best scenario for SB

Results indicate that the application of innovative treatments (like
the use of AGS) yield in lower costs and environmental impacts. How-
ever, biological valorization of oil into PHA/TAG is not yet the most
attractive option compared to an option where AGS is used to treat
wastewater, but oil is valorized into biodiesel (SB6).

Based on the results above presented and discussed, the chosen
scenarios for further analysis into the downstream process are SB2 and
SB3 for PHA + TAG and PHA recovery, respectively. Additionally, SB6
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is also considered as an innovative process without biomaterial
recovery.

5. Analysis of a centralized downstream processing

Results of section 4 showed that, in most process configurations, the
circular-economy and/or innovative approaches have the potential to
improve the economic performance compared to the current conven-
tional approach. The analysis also showed that process configuration
affects both the environmental and the economic performance. There-
fore, the best alternative for each system was selected for the assessment
of the PHA and TAG downstream processing in a centralized facility.

In the case of MCW (SA), the process configuration SA3 was selected
to upscale the facilities, as: i) it has the lowest costs at small scale, ii)
lower environmental impacts are expected if waste sludge is treated by
anaerobic digestion instead of composting, and chemicals addition is
optimized, and iii) it is the scenario with the highest net PHA
accumulation.

For the case of FPW (SB), two alternatives based on two DSP ap-
proaches are considered, as two products can be generated (PHA and
TAG). For exclusive PHA production, the considered process configu-
ration is SB3, as it has the highest production of PHA. For extraction of

10

PHA + TAG combined, SB2 was considered, as it is the only process
approach that presented non-negligible concentrations of both products
simultaneously. Furthermore, SB6 is considered for further assessment
of its DSP’s environmental performance since it presented the best
economic performance in the first stage of the study. Note that it is not
necessary to perform an economic evaluation of SB6 in the second stage
of this study, as no biomaterials are produced in this scenario. Therefore,
the cost of wastewater treatment was already assessed in the first stage
of the evaluation, where no DSP costs/biomaterial production benefits
were included. Here, the cost of PHA/TAG production is only allocated
to the extraction process, assuming that the PHA/TAG-rich biomass
arrive burden-free to the centralized facility (the burdens of biomass
production are allocated to the WWTP).

5.1. Economic assessment

As previously presented, the cost of wastewater management was
0.48 €/kg COD for SA3 (with MCW, Fig. 8) and 0.30-0.33 €/kg COD for
SB2 and SB3 (with FPW, Fig. 11). Fig. 14 shows the cost of producing
PHA/TAG in a centralized biorefinery, where the costs of wastewater
treatment (thus, PHA/TAG-rich sludge production/biomass generation)
are allocated to the WWTPs, and PHA/TAG extraction, to the centralized
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Table 4
Flows of the main streams, reactor volumes and energy use, of the System B
scenarios using FPW.

SB1 SB2 SB3 SB4 SB5 SB6 SBO

Stream flows (m?/ day)1

QINLET 700 700 700 700 700 700 700
QoL 0.53 0.53 0.53 0.53 0.53 0.53 0.53
Qk-o. 0.20 0.20 0.24 0.20 0.20 - -
Qa-orL 0.32 0.32 0.29 0.32 0.32 - -
QpiLuTioN 202.0 202.0 2386 2020 2020 - -
QBIOREACTOR 867.1 867.1 896.8 867.1 867.1 867.1 7422
QTOTAL SLUDGE 3.1 3.1 3.2 3.1 3.1 3.1 4.3
Qpsp 40.4 40.4 47.8 40.4 40.4 - -
QoutiET 656.5 656.5 649,1 656.5 656.5 656.5 694.6
PHA (kg/day) 2.3 55.6 68.8 11.4 43.7 - -

TAG (kg/day) 11.9 20.2 3.8 57.0 7.3 - -

Reactor volumes (m?)?
VENR 202.2 202.2 238.9 202.2 202.2 - -
Vacc 101.1 101.1 119.5 101.1 101.1 - -
VBIOREACTOR 361.3 361.3 373.7 361.3 361.3 361.3 5000
Energy consumed (kWh/day)
Electricity 593.0 593.0 632.4 593.0 593.0 510.3 2561.2
Total
Pumps 6.6 6.6 8.2 6.6 6.6 4.9 3.2
Stirrers 34.7 34.7 35.9 34.7 34.7 34.7 300.0
Aeration 324.3 324.3 360.9 324.3 324.3 243.3 2019.6
Centrifuge - - - - - 11.0
DAF 227.4 227.4 227.4 227.4 227.4 227.4 227.4

'Qmer is the daily effluent flow. Qor, Qe.ow, Qa-ow, Qowution, are, respec-
tively: the total flow of oil, the oil fed to the SBR and to the FBR, and the flow of
wastewater effluent bypassed to the SBR as growth media for the MMC. Qgjog-
eacTor 1S the flow to the AGS reactor (SB1-SB5) or to the CAS unit (SBO). Qrorar-
sLupgk 1S the stream with thickened solids to be externally managed.

2Venr, Vacc and Vgioreactor refer to the volumes of the enrichment (SBR),
accumulation (FBR), and conventional activated sludge (CAS) reactors respec-
tively.

3PHA/TAG refers to the amount of bioproduct contained inside the biomass
cells. Thus, to the intracellular form of the products.

facility. Thus, two sequential gate-to-gate systems are represented (see
section 2.3.1.1). Table 6 shows these costs linked to the yearly flows and
production scale.

For the three systems, the utilities and the annual depreciation are
the main contributors to the cost of the product (Fig. 14). The central-
ized downstream costs for PHA and TAG production decrease when the
process scale increases accordingly with the economy of scale. For
example, for a centralized downstream system supplied by 20 facilities
of SA3, the processing costs are 1.05 €/kg PHA, while for a system
supplied by 50 facilities of SA3 with centralized DSP, the respective
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costs are 0.95 €/kg PHA (Fig. 13).

Considering that the market value of HDPE has fluctuated between
0.70 and 1.04 €/kg in the last four years (2018-2022) [24], the pro-
duction cost of PHA from MCW at the x20 and x50 scales would be
competitive.

For FPW (SB3), the cost of the centralized extraction is 2.16 €/kg
PHA, and it decreases as scale increases, resulting in 1.84 €/kg PHA and
1.56 €/kg PHA for the scales x20 and x50, respectively (Fig. 14). Here,
prices are close to the competitive cost of HDPE for the highest scale,
although they are still about 30% higher.

If the overall cost of PHA production was considered (including the
cost of wastewater treatment and DSP), it would result in 3.95 — 4.18
€/kg PHA for SA3 with MCW, in 17.9 - 18.5 €/kg PHA for SB3 with
FPW, and 15.2 — 15.6 €/kg PHA and 47.7 — 48.8 €/kg TAG for SB2 with
FPW (note that the process yields are 0.019 kg PHA/kg COD and 0.007
kg TAG/kg COD for SB2, 0.024 kg PHA/kg COD for SB3, and 0.16 kg
PHA/kg COD for SA3 according to the lab-scale data).

The reason for these significant differences is the feedstock. For SB,
only the oil fraction of the water is separated and treated to produce PHA
in a system with a low biomass concentration [9,10]). On the other
hand, for SA, the entire wastewater stream is directly used for PHA
production. Thus, when accounting also for the treatment of waste-
water, and considering the low TAG/PAG productivity, the production
cost for SB is very high.

Additionally, the extraction of TAG, requires the inclusion of distil-
lation columns that utilize hexane and methanol at 80 °C in the
extraction process (Fig. 7). This increases the direct and utilities costs.
However, as two products are generated, the cost allocation by mass
results in competitive prices for both products when only the DSP is
accounted for. Although both processes are not in mature technology
readiness levels, assuming a general market price of 1€/kg for both
products, PHA would have a competitive market price for SB3, and TAG
for SB2. However, the production of PHA under the SB2 and SB3 ap-
proaches would not yield in competitive prices.

5.2. Environmental assessment

The environmental impact results of the cases selected in Section 4 (i.
e., SA3, SB2, SB3, and SB6) are shown in Fig. 15, and they are also
compared with the baseline scenarios (SAO and SBO).

It is worth noticing that results of the environmental impact assess-
ments are presented for the combined processes of wastewater treatment
and PHA/TAG extraction (i.e., waste valorization plus DSP). This is in
contrast to the results of the economic evaluation, which considered two
sequential gate-to-gate system boundaries.

Table 5
Equipment purchase cost and main utilities costs for the scenarios with FPW (for a 231,000 m3/year of wastewater, so 700 m3/day and 330 workdays/year).
SB1 SB2 SB3 SB4 SB5 SB6 SBO

Equipment Purchase Cost (k€) 321.7 321.7 340.2 321.8 321.7 149.9 458.5
Reactors, 80.1 80.1 87.2 80.1 80.1 33.1 309.9
(of which AGS) (23.0) (23.0) (23.6) (23.0) (23.0) (23.0) -
Pumping 72.4 72.4 73.3 72.4 72.4 33.4 21.6
Stirrers 4.2 4.2 4.2 4.2 4.2 4.2 10.7
Blowers 7.2 7.2 7.2 7.2 7.2 3.8 40.9
Compressor 75.4 75.4 75.4 75.4 75.4 75.4 75.4
Heat Exchanger 82,5 82,5 93.0 82.5 82,5 - -
Main Utilities’ Costs 96.3 107.4 121.6 107.4 107.4 122.0 259.0
(k€ /year)
Electricity 23.5 235 25.0 23.5 23.5 18.1 101.4
Heat 55.6 66.7 78.8 66.7 66.7 - -
Sludge management? 17.2 17.2 17.8 17.2 17.2 103.9 157.6
Crcr (M€) 1.67 1.67 1.77 1.67 1.67 0.78 2.33

1 The compressor is used in the DAF, and the heat exchangers are used to ensure that the biological valorization system maintains a temperature of 22.5 °C to ensure

oil’s emulsion.

2 For SB1-SB5, the cost of sludge management includes the price of managing waste solids, but not oil (oil is valorized in the SBR and FBR system). For SB6 and SBO, the
costs estimation includes the price of oil treatment by biodiesel production.
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of assessment).

Additionally, the results shown in Fig. 14 and Fig. 15 are applicable
to the x10, x20 and x50 scenarios, as the environmental performance is
characterized with respect to the FU (as also shown in the Supplemen-
tary Table of the SM). The circular economy-based process (SA3) with
MCW outperforms the linear economy-based process (SAO) for all cat-
egories except ODP, primarily due to the use of chemicals in the DSP.
Positive effects are especially noticeable for GWP (Fig. 15) and FRS, due
to the environmental credits generated by the application of the system
expansion approach (thus, the avoidance of HDPE production).

Likewise, the conventional process (SB0O) with FPW exhibits higher
impacts compared to SB3 in all categories except M—EP, due to minor
variations in the effluent quality and flow between scenarios (Table 4),
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while SB2 performs worse than SBO for some categories due to the lower
bioproduct yield. Finally, scenario SB6 demonstrates low impacts as it
does not involve the biological valorization of oil. Instead, oil is treated
through biodiesel production, avoiding the use of electricity and heat in
the DSP.

As the amount of bioproduct generated for systems using FPW is low
(SB2 and SB3, see Table 4), the potential benefits of avoiding petro-
chemical materials are not enough to counterbalance the burdens of
operating the train of biological reactors, as it was the case for SA3. On
the other hand, biomass production is lower for oil-based systems than
for MCW ones (0.019 kg PHA/kg COD for SB2 (with 0.007 kg TAG/kg
COD), 0.024 kg PHA/kg COD for SB3, and 0.16 kg PHA/kg COD for SA3
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Table 6

Cost of biomaterial production (considering only DSP cost in a centralized facility) and yearly flows linked to the production.
System DSP Cost (€/kg PHA) PHA production (t PHA/year) Wastewater Flow Organic Matter

(m3/year) (t COD/year)
SA3 (MCW) 1.18 - 0.95 584—2,919 330,000 - 1,650,000 3,630 - 18,150
SB3 (FPW) 2.21-1.61 237 -1,135 2,310,000 - 11,550,000 570 - 2,888
SB2 (FPW) 1.88 - 1.40 183 -917 2,310,000 - 11,550,000 577 — 2,888
0.69 - 0.51 €/kg TAG 67 — 334 t TAG/year

[9,10]). This makes the performance of SB2 worse than that of SB3, and
for some categories (like ecotoxicity or ozone depletion), also worse
than SBO. Therefore, the margin for improvement (i.e., impacts reduc-
tion) of the circular economy-based systems with oil feedstock is nar-
rower than that for SA scenarios, where the impact reduction potential is
clearer.
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6. Discussion

The current study demonstrates that circular economy-based stra-
tegies to manage industrial effluents may outcompete linear economy-
based approaches from both economic and environmental perspec-
tives. Furthermore, these circular approaches provide raw materials that
can be further processed into added value products such as PHA and
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TAG. In order to make these circular economy-based strategies happen,
economy of scale and distance for transportation play key roles in re-
gions such as Galicia (NW Spain), where around 70 companies generate
about 85% of the total Spanish canned fish products and 50% of the total
European canned tuna production [25]. Here, a system where these
existing small- and medium-capacity WWTPs can act as biomass pro-
viders for a centralized downstream facility (as considered in section 5),
has shown to have the potential to improve both economic and envi-
ronmental benefits.

6.1. Techno-economic feasibility

To the best of the authors’ knowledge, a few studies have provided
insights on the techno-economic of MMC-based PHA and/or TAG pro-
ducing systems [6,26-30]. Even more, for TAG production, the infor-
mation available for comparative analysis is scarce. Therefore, this
section is focused purely on the discussion around PHA production.

Fernandez-Dacosta et al. [26] achieved 1.40 — 1.95 €/kg PHA for a
production plant of 1500 t PHA/year depending on the DSP method,
while Bengtsson et al. [27] used for the first-time pilot scale data to
estimate 3.40 €/kg PHA for a production capacity of 5000 t PHA/year.

Crutchik et al. [28] also assessed the effect of scale using data from
actual WWTPs, where production costs were estimated at 2.26 €/kg PHA
for a 90 t PHA/year and 1.26 €/kg PHA for a 5700 t PHA/year. Pérez
et al. [29,30] discussed the geographical dependence of the economic
feasibility for PHA production, and costs estimation ranged 1.5 — 6.9
€/kg PHA when part of the methane was used to generate energy on-site
for systems using methanotrophic MMC.

With focus only on PHA downstream processes, Saavedra del Oso
et al. [6] identified mechanical disruption as the most cost competitive
technology (0.2 €/kg PHA).

Under the approach applied in this study, all the costs of PHA-rich
biomass production are allocated to the waste management, as the
system function is to comply with the discharge limits. Thus, the PHA
production cost would only correspond to those of the extraction process
in a centralized DSP facility, being 1.18, 1.05, and 0.95 €/kg PHA for
production scales of about 580, 1200, and 3000 t PHA/year, respec-
tively, for wastewater feedstock (MCW). For waste oil feedstock (FPW),
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the PHA extraction costs are 2.16, 1.84, and 1.56 €/kg PHA for pro-
duction scales of about 230, 450, and 1100 t PHA/year (if TAG is not
recovered), and 1.88, 1.863, and 1.40 €/kg PHA for production scales of
183, 366, and 917 t PHA/year (when TAG is recovered for scales of 67,
134, and 334 ton TAG/year).

These results outperform most of the literature or at least are in the
same range. Despite the current study uses the same DSP technology as
Saavedra del Oso et al. [6], there are significant differences regarding
the costs. They are caused by the differences in the scale, biomass con-
centration, and PHA content (10,000 t PHA/year, 11 kg solids/m®, and
68% PHA weight, respectively), compared to the ones in the present
work (183 - 1,135 t PHA/year, about 4 kg solids/m?®, and around 40%
PHA weight).

6.2. Environmental feasibility

Regarding the environmental performance, among the about 60
research works assessing the impacts of PHA production recently
revised, only 11 considered MMC-based processes. GWP was the most
studied impact category [16]. Although results vary depending on
different methodological or process choices, GWP-related emissions of
DSP ranged from 0.5 to 5.0 kg CO2-eq/kg PHA for previous studies [31].
Furthermore, in the case of TAG, this current study is the first one to
evaluate the environmental performance of TAG production from
wastewater.

In general terms, the results showed that the emissions linked to the
wastewater treatment decreased due to the lower use of energy
compared to the conventional treatments currently applied, making the
processes beneficial from a wastewater management perspective.

The emissions of the extraction process (excluding wastewater
treatment) are 0.39 kg CO2-eq/kg PHA for the system using MCW, 0.49
kg COz-eq/kg PHA for the system using FPW without TAG extraction,
and 1.9 kg CO2-eq/kg PHA and 5.13 kg CO3-eq/kg TAG for the oil sys-
tem that also recovers TAG. These values fall in the low emission range
compared to other literature studies (see the characterized results in
section S8 and in the Supplementary Table in the SM).

Regarding the whole system (i.e., accounting for wastewater treat-
ment and PHA/TAG extraction, see Fig. 15), CO, emissions are 0.50 kg
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CO5-eq/kg COD treated for SAO and 0.13 kg CO,-eq/kg COD treated for
SA3 in the MCW systems. For the FPW systems, GWP emissions are 0.49
kg CO»-eq/kg COD treated for SBO, 0.38 kg CO»-eq/kg COD treated for
SB2, 0.33 kg COz-eq/kg COD treated for SB3 and 0.21 kg COz-eq/kg
COD treated for SB6 (see the SM for detailed impacts results). Under this
approach (an analysis showing the impacts of wastewater treatment plus
centralized DSP with the bioproducts modelled under system expan-
sion), DSP effects are around 0.05 kg COz-eq/kg of COD treated in the
WWTP influent. Here, most of the impacts are linked to the operation of
the ten small WWTP, and not to the operation of the centralized DSP
facility using low-cost extraction processes.

It is not possible to compare all the scenarios by expressing them per
kg of PHA, as linear economy-based scenarios do not produce any
biomaterial. Nevertheless, for circular economy-based scenarios, emis-
sions are 0.39 kg CO»-eq/kg PHA for SA3, 20.0 kg COz-eq/kg PHA for
SB2 (with 55.18 CO3-eq/kg TAG), and 14.5 kg CO,-eq/kg PHA for SB3.

As mentioned above, for the processes using oil as a feedstock to
produce biomaterials (oil from FPW), the process efficiency and product
yield are significantly lower than those using non-oil wastewater (MCW)
due to the lower concentration of biomass generated in the system
[9,10]. Hence, the emissions of CO, per kg of biomaterial produced for
SB2 and SB3 are significantly higher than for the system using waste-
water (SA3). Considering that the GWP emissions of HDPE production
are around 0.75 kg COz-eq/kg, only the production of polymers under
SA3 (i.e., from mussels’ wastewater) seems to be competitive from an
environmental point of view.

Finally, the discussion also includes the system expansion approach,
which considers diesel and HDPE as avoided products for TAG and PHA,
respectively. Although the modelling of TAG as avoided production of
diesel is uncertain, previous studies addressed the use of a petrochemical
polymer as an avoided product to model PHA produced with MCW [11].
In those studies, different replacement ratios (mass of petrochemical
polymer avoided by mass of biopolymer introduced in the market) and
different petrochemical polymers (such as PET) were assessed. In the
mentioned work, different sensitivity analysis were conducted using
MCW as a feedstock. The conclusion is that even with more conservative
approaches or when considering other polymers like PET, the environ-
mental feasibility of the circular economy-based system (i.e., lower
environmental impact than the benchmark scenario) is still maintained.

6.3. Limitations of the study and future outlook

Taking a gate-to-gate approach, this study has excluded potentially
relevant geographical aspects, such as biomass transport from the
WWTP gate(s) to the DSP gate. Moreover, up-scaling was done based on
lab-scale data, as no pilot-scale information was available for the
processes.

In this regard, the ECOPOLYVER" project will operate and optimize
the pilot-scale production of PHA and TAG from similar saline industrial
effluents. Besides, the project will determine the structural composition
and properties of the different products. Consequential LCA seems to be
the most appropriate framework for assisting in the development of
present and future bio-based products [32-34]. Saavedra del Oso et al.
[35] have shed light on how waste-to-PHA biorefineries could evolve in
the future and where the attention of stakeholders should focus on.
Concretely, extraction yield and PHA content in biomass were pointed
out as the key parameters for the environmental performance.

Another aspect for future consideration within goal & scope defini-
tion, is the assumption that HDPE and biodiesel are the avoided products
since they are not fully equivalent to PHA and TAG. Both products
require further processing to have the same functions as HDPE and
biodiesel. Although previous works have addressed this issue and
concluded that environmental feasibility is maintained, further

4 https://biogroup.usc.es/ecopolyver.
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investigation is needed to confirm the limits of this conclusion.
7. Conclusions

Although the use of MMC and waste streams to produce value-added
materials is a promising solution for resource recovery processes, there
is a lack of prospective environmental and economic studies. The pre-
sent research work used three-year laboratory data to up-scale several
systems for industrial effluents’ treatment and biomaterials (PHA and
TAG) production to carry out both detailed techno-economic and envi-
ronmental assessments.

Results showed that costs of wastewater treatment can potentially be
reduced when treating these effluents under a circular economy
approach using sequential reactors to produce PHA/TAG-rich biomass.
This can also lead to 10-70% lower environmental impacts, depending
on the operational strategy chosen and the use of chemicals.

Moreover, the present study proved for the first time the feasibility of
establishing a clustered system where WWTPs work as raw materials
providers for biorefineries where the DSP is centralized. Finally, the
success of the current approach also relies on the use of low-cost
extraction processes using surfactants. Under a centralized DSP
approach, PHA costs can be lower than 1 €/kg PHA.
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