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A B S T R A C T   

Polyhydroxyalkanoates (PHA) production from waste streams using mixed microbial cultures (MMC) can unlock 
the potential of PHA to substitute oil-based plastics. However, these processes are still at low technology 
readiness level (4–6). Demonstrating a better environmental performance would boost their deployment at in
dustrial scale. Hence, including environmental guidance during their development, when there are still oppor
tunities for major alterations, is essential. To the best of our knowledge, this work elucidates for the first time 
how waste-to-PHA biorefineries could develop in the future by combining prospective LCA with scenario 
methodology and where the attention of stakeholders should be focused. Four future scenarios were derived 
considering both surrounding (e.g., scale, environmental or bioeconomy policies) and technological parameters 
(e.g., acidification yield, PHA content in biomass or recovery yield). Those scenarios derived under ambitious 
environmental and bioeconomy policies shop up to 50% lower environmental impacts than those under business- 
as-usual policies. These differences are caused by the different background processes’ environmental burdens (e. 
g., electricity mix with low renewable energies share) and the higher consumption of chemicals and utilities. 
However, the environmental impacts caused by lower yields can be partially mitigated by valorizing the inter
mediate waste streams into biogas. Sensitivity analysis results pointed out recovery yield and PHA content as the 
parameters that influence most the environmental performance, being responsible for up to 60% of variance in 
environmental performance. These parameters determine the chemicals and utilities consumption in PHA 
downstream processing, which is confirmed as the main environmental hotspot. This work goes beyond previous 
LCA studies on PHA production and quantifies the influence of different parameters on the environmental 
performance.   

1. Introduction 

Bioeconomy is expected to play a significant role in the mitigation 
and adaptation to climate change across the European Union, targeting 
at reducing the pressure on biological resources as well as reducing CO2 
emissions and fossil fuel use in the chemical sectors according to its 
action plan launched by the European Commission in 2018 (Bell et al., 
2018). In this endeavor, using biomass and especially organic wastes as 
feedstock to produce these chemicals and materials is a priority. For 
instance, polyhydroxyalkanoates (PHA), which are biodegradable 

polymers produced through microbial fermentation from diverse feed
stocks (Khatami et al., 2021), could substitute petrochemical plastics in 
multiple applications (Dietrich et al., 2017). However, their high pro
duction cost and uncertain environmental performance hamper their 
industrialization (Tan et al., 2021). Demonstrating a better environ
mental performance than conventional plastics would foster PHA 
deployment (Yadav et al., 2020). High energy requirement during the 
feedstock cultivation, sterilization in pure culture fermentation and PHA 
downstream processing were reported as the main hotspots from both 
environmental and economic perspectives (Saavedra del Oso et al., 
2021). Coupling PHA production with the carboxylate platform, where 
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organic waste streams are converted into volatile fatty acids (VFA) as 
PHA precursors, would significantly reduce the cost and could improve 
the environmental performance of PHA production (Atasoy et al., 2018). 

H2020 project USABLE Packaging (H2020 USABLE Packaging, 
2019) seeks the development of new value chains from food industry 
wastes by solving the bottlenecks in the PHA production. This project 
proposes cost-effective and sustainable production routes, such as the 
one based on the mixed microbial cultures (MMC) systems which 
comprises a 3-step system: (1) an anaerobic fermentation, where feed
stock organic carbon is converted into VFA, (2) an enrichment of mixed 
culture, where PHA-storing bacteria are selected by imposing a 
feast/famine regime, and (3) an accumulation step, where enriched 
biomass is fed VFA until sufficient PHA has been accumulated 
(Nguyenhuynh et al., 2021). The performance of these systems at pilot 
scale has been evaluated for a diverse range of feedstocks, such as 
wastewater (Morgan-Sagastume et al., 2020), household waste (Moretto 
et al., 2020) or food industry side-streams (Silva et al., 2022). However, 
scaling up these processes to a commercial full-scale PHA production 
still faces multiple challenges, from low substrate conversion and poor 
mechanical properties to deploying a cost-effective and sustainable 
extraction strategy at pilot scale (Estévez-Alonso et al., 2021). 

Demonstrating a better environmental performance than petro
chemical plastics would promote PHA development and market 
expansion. Previous LCA studies on the production of PHA by MMC 
assessed the environmental benefits of integrating the PHA production 
within urban (Morgan-Sagastume et al., 2016) and industrial waste
water treatment plants (Fernández-Dacosta et al., 2015; Roibás-Rozas 
et al., 2020). Fernández-Dacosta et al. (2015) evaluated the environ
mental performance of different PHA recovery technologies from 
wastewater. However, none of these articles addressed the inherent 
uncertainties of upscaling processes at lab- and pilot-scale or quantified 
the influence of process parameters on the environmental performance 
(Igos et al., 2019). Prospective life cycle assessment (LCA) can play a key 
role in the development and optimization of MMC systems by providing 
environmental guidance (Arvidsson et al., 2018). Prospective LCA fa
cilitates the upscaling of emerging processes employing scenarios of 
future performance at industrial scale, and the comparison of the future 
process with the incumbent processes (Cucurachi et al., 2018). However, 
its prospective character entails, to some degree, lack of data and 
considerable uncertainty (Igos et al., 2019). For instance, the market 
share of these biopolymers and the feedstock availability will determine 
the production scale, or the environmental policies will influence how 
electricity is produced (Saavedra del Oso et al., 2021). Yet, both future 
market share and environmental policies entail a high uncertainty. A 
feasible approach to evaluate the environmental performance in a future 
framework is to propose scenarios projecting how emerging processes 
will develop in the future (Arvidsson et al., 2018; Bergerson et al., 2020). 
Contributions on how to combine scenario methodology and prospective 

LCA have been published (Delpierre et al., 2021; Thomassen et al., 
2019) but did not cover biobased emerging technologies, which face 
different challenges regarding the choice of functional unit, allocation 
approaches, or process upscaling. Only recently, Langkau et al. (Un
published work) have proposed a scenario methodology framework on 
biobased products, which enables the systematic and documented 
development of scenarios, rather than the implicit approach that is often 
behind prospective LCA studies. Analyzing the LCA results of the pro
posed scenarios allows inferring the relationship between the charac
teristics of the scenarios (e.g., type of substrate, yield or renewable 
energies share) and the environmental performance. Thus, it is possible 
to identify the most relevant parameters to optimize during the tech
nology development, enabling effective environmental guidance. 

The objective of this work is to elucidate how waste-to-PHA bio
refineries could develop in the future and ensure that environmental 
guidance is included in their development. To do so, influencing pa
rameters were firstly identified based on literature review as well as both 
individual meetings and a workshop with stakeholders. Based on the 
information collected, scenarios were then developed and validated 
with stakeholders. Finally, their environmental impacts were quantified 
and analyzed, allowing the identification and quantification of the pa
rameters influence on the environmental performance. 

2. Methodology 

In this section, prospective LCA (section 2.1) and scenario method
ology (section 2.2) are described. 

2.1. Prospective LCA 

Prospective LCA is a systematic methodology which determines the 
environmental impacts of an emerging/incumbent product/process in a 
future framework where the production system is modelled (Cucurachi 
et al., 2018). Like conventional LCA, prospective LCA is comprised by 
four steps (see Fig. A.1): (i) the goal and scope state of the system 
function, functional unit, system boundaries, technology readiness level 
(TRL), temporal boundaries, foreground and background data source, 
identification of alternative systems, impact assessment method and 
impact categories; (ii) the inventory analysis involves the data collection 
and the development of scenarios and its implementation as 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 a critical review, results presenta
tion and determination of data uncertainty and sensitivity (Cucurachi 
et al., 2022). 

Abbreviations and nomenclature 

BAU business-as-usual 
CHP cogeneration unit plant 
COD chemical oxygen demand 
FDP fossil depletion potential 
FEP freshwater eutrophication 
FETPinf freshwater ecotoxicity 
FU functional unit 
GDP gross domestic product 
GMA general morphological analysis 
GWP100 climate change 
HTPinf human toxicity 
LCA life cycle assessment 

LCI life cycle inventory 
MMC mixed microbial culture 
OFMSW organic fraction of the municipal solid waste 
PHA polyhydroxyalkanoates 
R&D research and development 
RES Renewable energies share 
SSP shared socio-economic pathway 
TAP terrestrial acidification 
TRL: technology readiness level 
VFA volatile fatty acids 
YPHA/VFA accumulation yield 
YVFA/S acidification yield 
YX/VFA selection yield  
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2.2. Scenario methodology 

Scenario development is a systematic and documented methodology 
(Thomassen et al., 2019) that involves both the goal & scope definition 
and inventory analysis phases. The key choices for scenario develop
ment are made during the goal & definition, i.e., the time horizon, the 
current and expected TRL and the scenario approach (i.e. whether a 
predictive, explorative, or normative approach is followed; it aims to 
answer “how will/could/should the future develop” respectively 
(Langkau et al., Unpublished work)). During the inventory analysis, a 
4-step procedure is followed to develop the scenarios: (i) identification 
of influencing parameters, (ii) construction of sub-scenarios for each 
parameter, (iii) creation of scenarios from sub-scenarios and (iv) 
implementation of scenarios in the life cycle inventory (LCI) model. 

2.2.1. Identification of influencing parameters 
Scopus web search engine was employed to screen scientific papers 

on waste-to-PHA biorefineries. To do so, the following query string was 
used: 

TITLE-ABS-KEY ((pha OR polyhydroxyalkanoates OR poly
hydroxybutyrate OR phb OR phbv OR p3hb OR poly3-hydroxybutyrate) 

AND ((mixed AND microbial AND cultures) OR (mixed AND culture) OR 
(open AND mixed AND culture) OR (mmc)) AND (pilot-scale OR scale- 
up OR (large AND scale))). 

Among the 77 resulting elements, only studies on PHA production by 
MMC at pilot scale were selected (i.e., the 11 peer-review studies listed 
in appendix A). The insights and data gathered in this review were used 
to develop the scenarios, both identifying the influencing parameters 
and upscaling the processes. 

2.2.2. Individual meetings with stakeholders 
Individual meetings with stakeholders (feedstock providers, tech

nology developers, packaging producers and end users) were carried out 
after the literature review to support the scenario development. The 
procedure was the following: (i) presentation of the PHA production 
flowchart, (ii) identification and validation of the process influencing 
parameters, (iii) identification and validation of the parameters influ
encing the surroundings, (iv) creation and validation of sub-scenarios 
for each parameter. The stakeholders feedback enabled the influencing 
parameters and sub-scenarios definition. 

Fig. 1. Waste-to-PHA biorefinery system boundaries.  
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2.2.3. Workshop with stakeholders 
An on-line workshop with the previously identified stakeholders was 

organized to gather their individual feedback and to jointly create, 
develop, and validate the scenarios derived. The workshop was struc
tured in the following steps: (i) presentation of the prospective LCA and 
scenario methodology, (ii) overview of the waste-to-PHA biorefinery 
system, (iii) validation of the influencing parameters, (iv) validation of 
parameters’ sub-scenarios, (iv) creation and validation of scenarios from 
sub-scenarios, (v) discussion and final remarks. 

3. Scenario development 

This section depicts the goal and scope definition (section 3.1) and 
the inventory analysis (section 3.2). 

3.1. Goal and scope definition 

The main goal of this prospective LCA is to quantify the environ
mental impacts of the waste-to-PHA biorefinery in a future context when 
its large-scale production is already implemented. As the system func
tion is to produce PHA from complex organic wastes, the functional unit 
(FU) was defined as 1 kg of PHA powder (a common approach in pre
vious LCA of PHA (Roibás-Rozas et al., 2022)). A cradle-to-gate 
approach covering all the unit processes within the waste-to-PHA bio
refinery is defined in Fig. 1; including within the system boundaries the 
PHA production (i.e. anaerobic fermentation, the VFA separation, the 
PHA enrichment and accumulation, as well as the downstream pro
cessing) and the further energy valorization of the residual intermediate 
streams by anaerobic digestion (AD) and cogeneration unit plant (CHP); 
and excluding then the gate-to-grave phases (i.e., compounding and 
shaping, use and end-of-life). 

The multifunctionality of the system was addressed by allocating the 
environmental burdens from VFA separation and from CHP to PHA and 
electricity production, respectively. This choice was made following the 
guidelines on the LCA of alternative feedstock for plastics production 
(Nessi et al., 2021). Given the actual TRL, i.e., from 5 to 6, the temporal 
boundaries were established for 2030, when market level maturity is 
expected to be reached (Lorini et al., 2022). 

An explorative scenario approach (Börjeson et al., 2006) was fol
lowed with the aim of envisioning how the PHA production by MMC 
could develop. The foreground system was modelled based on the data 
collected from the literature review and using an upscaling framework 
for emerging technologies (Tsoy et al., 2020). For the background sys
tem, a futurized version of the ecoinvent 3.7.1 database was used that 
includes scenario data derived from the IMAGE integrated assessment 
model (Stehfest et al., 2014). The latter model’s global future scenarios 
are based on the Shared Socio-Economic Pathway (SSP) scenarios 
(O’Neill et al., 2014) and representative concentration pathways (van 
Vuuren et al., 2011). Two scenarios, the SSP2-base and the SSP2-RCP2.6 
were derived here via the PREMISE framework (Sacchi et al., 2022). 
Both scenarios represent the SSP “middle of the road”, although they 
differ substantially in terms of climate change mitigation. In the 
SSP-base scenario a warming of 3.5 ◦C is modelled by 2100, while in the 
SSP2-RCP2.6 the temperature increase is limited to just below 2 ◦C 
(Sacchi et al., 2022). The foreground scenarios were modelled together 
with the background scenarios using the superstructure approach 
(Steubing and de Koning, 2021), as implemented in the open source LCA 
software Activity Browser (Steubing et al., 2020). 

The analysis of the environmental impacts followed a midpoint 
approach, being climate change (GWP100), terrestrial acidification 
(TAP), freshwater eutrophication (FEP), human toxicity (HTPinf), 
freshwater ecotoxicity (FETPinf) and fossil depletion (FDP), for the 
selected impact categories, according to previous LCA on PHA produc
tion (Roibás-Rozas et al., 2022). All impact categories were assessed 
using the Hierarchist ReCiPe (H) v1.13. 

3.2. Inventory analysis 

The core part of the applied methodology concerns the scenario 
construction during the inventory analysis phase (Langkau et al., Un
published work). Scenarios represent both descriptions of possible 
future states and descriptions of developments (Börjeson et al., 2006); 
affecting both foreground and background data of the LCI. The main 
results of the 4-step procedure are presented in the next subsections 
(3.2.1, 3.2.2, 3.2.3 and 3.2.4). 

3.2.1. Identification of influencing parameters 
The identified influencing parameters are listed in Table B.1. A 60% 

of them are surrounding parameters, which are related to political ac
tions, societal concerns, technological and environmental aspects, but 
are not intrinsically present in the LCI model. The rest of identified 
parameters are technological parameters (foreground and background), 
i.e., those that affect directly the LCI model flows. Foreground param
eters affect the mass and energy balances, while background parameters 
modify the background processes. 

The hybrid causal loop flowchart diagram shown in Fig. 2 depicts the 
influences and correlations between the identified influencing parame
ters and the LCI model. This diagram helps the analyst to consider sur
rounding parameters (left side), but also to understand how the 
technological parameters can be modelled within the LCI model (right 
side), and contains both quantitative/qualitative parameters, unit pro
cesses and intermediate/elementary flows for the LCI model. 

The process performance parameters (i.e., the acidification yield, 
productivity, PHA-storing biomass selection and PHA accumulation 
yield, PHA content in enriched biomass and extraction yield) depend on 
the R&D on these processes, but also on the feedstock employed (Saa
vedra del Oso et al., 2022). The choice of wastes as feedstock, e.g., 
organic fraction of the municipal solid waste (OFMSW) or sewage 
sludge, may hinder the applicability of the polymer for high purity ap
plications such as food contact materials. 

The implementation of ambitious bioeconomy policies (Fritsche 
et al., 2020), fostered by higher environmental awareness and the 
impact of climate change, may increase the demand of PHA as well as 
the use of waste or industrial side-streams as feedstocks. Ambitious 
bioeconomy policies would increase not only the production scale but 
the R&D funding, whose outcomes can contribute to the reduction of the 
production costs. A positive feedback loop between the production scale 
and costs may be possible, i.e., by decreasing the production costs, the 
production scale increases, which in turn decreases them. The produc
tion of PHA by MMC from waste streams can benefit from the adoption 
of new environmental policies. The implementation of these legislations 
may increase the RES and introduce new emissions regulations, modi
fying then the background processes such as electricity production or 
chemicals production. 

This causality diagram allows not only to develop the model by 
identifying correlations between parameters and deal with their 
complexity, but also to communicate to stakeholders the influence of 
parameters. Thus, this tool adds transparency to the study. As the 
number of identified influencing parameters is high and the effects of 
some surrounding parameters are either intrinsically present in others or 
cannot be easily implemented in the LCI model, only environmental 
policies, bioeconomy policies and feedstocks were chosen, among those 
for the construction of sub-scenarios. 

3.2.2. Construction of sub-scenarios for each parameter 
For all the selected surrounding parameters (bioeconomy policies, 

environmental policies, feedstock, production scale) a set of three levels 
or sub-scenarios are defined, except for the feedstock type where only 
two options were fixed. Business-as-usual (BAU), moderately ambitious 
and ambitious were defined as the three sub-scenarios for both envi
ronmental and bioeconomy policies. Related the former, since envi
ronmental policies determine both background parameters, i.e., RES and 
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emissions regulations, these three sub-scenarios were implemented in 
the LCI model according to the RES and the SSP (O’Neill et al., 2014): 
BAU (current RES and SSP2-base), moderately ambitious (50% RES and 
SSP2-RCP2.6) and ambitious (60% RES and SSP2-RCP2.6). Concerning 
the later, BAU at bioeconomy policies means focus mainly on waste 
treatment and resource recovery, but the market share of these biobased 
products is still small. Moderately ambitious and ambitious bioeconomy 
policies consider waste as resources that can be transformed widely into 
added-value products with a big market share. These sub-scenarios are 
qualitative and are not directly implemented in the LCI model. 

Regarding the production scale, the sub-scenarios were proposed 
according to waste availability and technological developers’ knowl
edge: 500, 2000 and 7500 t PHA/y. The sub-scenarios for the feedstock 
and process performance parameters were chosen according to the 
literature review on PHA production by MMC at pilot scale. Only two 
sub-scenarios were created for the feedstock, i.e., fruit waste and the 
mixture of OFMSW and sewage sludge, since they are widely available 
(Yadav et al., 2020) and were employed in most of the waste-to-PHA 
pilot scale studies (Moretto et al., 2020; Silva et al., 2022). 

The sub-scenarios for the selected technological parameters are lis
ted in Table 1. The sub-scenarios for the acidification yield, selection 
yield, accumulation yield, productivity and PHA content in biomass 
were created based on the literature review and feedback provided by 
the stakeholders in the individual meetings and the workshop. The re
covery yield values were selected according to previous authors’ work 
on the optimization of the environmental performance of the PHA 
downstream processing (Saavedra del Oso et al., 2021). 

3.2.3. Creation of scenarios from sub-scenarios 
Since the total number of combinations of sub-scenarios is very high, 

creating scenarios from those sub-scenarios is not a straightforward task. 
A cross-consistency assessment was performed to discard combinations 
of sub-scenarios that were not consistent (Appendix B.2). Regarding the 

environmental policies, it is inconsistent to have an ambitious bio
economy policy or medium and large-scale production under the SSP2- 
base sub-scenario, as oil-based chemicals and materials would still have 
a higher market share compared to biobased alternatives. Likewise, the 
PHA production from OFMSW & sewage sludge seems unfeasible at 
industrial scale under BAU bioeconomy policies, as conventional waste 
treatments such as energy valorization would be preferred. However, 
the use of concentrated, carbon-rich, easily fermentable, and localized 
feedstocks such as side-streams of food processing facilities could be 
feasible, e.g., fruit waste from juice beverage industries. 

As showed in Fig. 2, the implementation of ambitious bioeconomy 
policies would lead to a higher investment in the R&D of these tech
nologies and thus, to higher values of process performance parameters. 
Nevertheless, these parameters are influenced by the type of feedstock 
too. For instance, a value of 0.75 g COD-VFA/g COD-F for the anaerobic 
fermentation yield of OFMSW & sewage sludge seems inconsistent, as 
these substrates are not easily hydrolyzed and fermented into VFA. The 

Fig. 2. Hybrid causal loop flowchart diagram depicting the interrelations between surrounding and technological parameters and the LCI model.  

Table 1 
Sub-scenarios created for selected technological parameters.  

Parameter Sub- 
scenario 1 

Sub- 
scenario 2 

Sub- 
scenario 3 

Units 

YVFA/F 0.35 0.55 0.75 g COD/g 
COD 

YX/VFA 0.40 0.45 0.55 g COD/g 
COD 

YPHA/VFA 0.50 0.65 0.80 g COD/g 
COD 

Productivity 3.00 6.00 8.00 g PHA/ 
(L⋅d) 

PHA content in 
biomass 

0.46 0.59 0.80 g/g 

Recovery yield 0.65 0.75 0.85 g/g  
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cross-consistency check also allows disregarding combinations that 
would lead to technological inconsistencies, such as low PHA-storing 
biomass selection yield together with high PHA accumulation yield. 

As the remaining number of consistent scenarios is still high, general 
morphological analysis (GMA) was applied (see Table B.2). GMA is a 
method for structuring and investigating the total set of relationships 
contained in multi-dimensional, nonquantifiable problem complexes 
[51]. Different narratives for feasible scenarios were derived from the 
GMA. The eight narratives derived from the GMA, which are summa
rized in Appendix B.2, were presented, and discussed at the stake
holders’ workshop. 

As a result of the discussion, four of them (i.e., scenarios A, D, E and 
H) were chosen to be implemented in the LCI, as they can be considered 
as the cornerstone scenarios and thus, it may allow assessing scenarios at 
the edges of the solution space. From now, scenarios A, D, E and H will 
be referred as scenarios 1, 2, 3 and 4; and Table 2 lists their specific 
parameters sub-scenarios. 

3.2.4. Implementation of scenarios in the LCI model 
The foreground system, i.e. the waste-to-PHA biorefinery, was 

upscaled using detailed process calculations (Tsoy et al., 2020). The 
process calculations, which follow a scale-up framework for chemical 
processes in LCA studies (Piccinno et al., 2016), are detailed in the 
Appendix C. 

Background process “market for electricity, high voltage (RER)” was 
chosen for scenario 1 from the ecoinvent 3.7.1 IMAGE database, which 
is the database employed for the rest of background processes. Elec
tricity production was modelled for scenarios 2, 3 and 4 according to the 
project report Roadmap 2050 (included in Appendix D). Regarding the 
lack of specific background data, the following considerations were 
made: (i) the production process for sodium dodecyl sulphate (SDS), 
used in downstream processing, was assimilated to another chemical 
with similar function: non-ionic surfactant; (ii) the wastewater stream 
produced in the downstream processing was assumed as urban waste
water, (iii) potassium phosphate was assumed as sodium phosphate and 
(iii) the digestate treatment was assumed as treatment of raw sewage 
sludge by municipal incineration with fly ash extraction. Finally, the 
following assumptions related to process system (Fig. 1) were 
formulated:  

• The electricity produced by the AD is not locally consumed in the 
process and, instead, it is exported to the net. Thus, all the electricity 
consumed in the system comes from the European Union electricity 
mix.  

• The heat produced by the AD is internally consumed for heating the 
digestor, and should heat surplus be produced, it is assumed to be 
used by the PHA production section. All the environmental burdens 
of AD have been allocated to electricity production, which is the 
function of the waste valorization section.  

• The residual gas stream produced in the anaerobic fermentation, 
with negligible flowrate and composed by (biogenic) carbon dioxide 
with a small fraction of hydrogen, is assumed to be released to the 
atmosphere. 

Inputs of raw material and energy as well as emissions to air, water, 
and wastewater per kg of obtained PHA powder (i.e., defined functional 
unit) are summarized in Table 3. 

4. Results 

This section presents the results of scenarios life cycle impact 
assessment and analyzes the parameters influence on the environmental 
performance (sections 4.1 and 4.2). Furthermore, the allocation 
methods are compared in Appendix E.2. 

4.1. Environmental evaluation 

Results from the characterization stage for PHA production, where 
are displayed on Fig. 3. 

Heat production is the main contributor to GWP100 (52 and 51%) 
and FDP (62 and 58%) in scenarios 1 and 2. However, its contribution is 
negligible to all impacts categories in scenarios 3 and 4. This discrep
ancy is caused by the heat employed in these scenarios, which comes 
from the CHP (scenario 3, 100%; scenario 4, 90%), and has no envi
ronmental burdens as explained earlier. Thus, the heat source de
termines the related environmental impact, as shown in Fig. 3. 

Electricity contributes significantly to GWP100, HTPinf and FDP 
categories, especially in scenario 3. Regarding the electricity consump
tion, the downstream processing, the PHA accumulation and the 
biomass selection are pointed out as the unit processes that consume the 
most electricity (see Fig. E.1 and E.2). PHA downstream processing is 
caused by the high-pressure homogenization employed for disrupting 
the cells and the aeration systems used in both biomass selection and 
PHA accumulation. Significant differences were found between sce
narios, as the values for extraction, selection and accumulation yield 
were different. For instance, extreme electricity consumption values in 
PHA downstream processing are 0.620 and 1.608 kWh/FU for scenarios 
2 and 3 respectively (see Table 3), being the correspondent recovery 
yield 0.85 and 0.65 g/g respectively, and the biomass PHA content 0.80 
and 0.46 g/g. 

Electricity consumption values in biomass selection and PHA accu
mulation for scenarios 2 and 3 are 0.140 and 1.209 and 0.414 and 1.260 
kWh/FU respectively (see Table 3). These differences are explained by 
the differences in biomass selection (0.55 vs 0.4 g COD/g COD) and PHA 
accumulation yield (0.8 vs 0.5 g COD/g COD) as well as productivity (8 
vs 3 g PHA/(L⋅d)), which affect the reactors dimensions and the required 
aeration. However, background parameters such as the RES must be 
considered, as they have a significant influence on the environmental 

Table 2 
Description of selected parameter sub-scenarios for the created scenarios.  

Parameter Scenario 1 Scenario 2 Scenario 3 Scenario 4 Units 

Environmental policy SSP2-Base SSP2-RCP2.6 SSP2-RCP2.6 SSP2-RCP2.6  
Current RES 60% RES 50% RES 60% RES 

Bioeconomy policy BAU Ambitious Ambitious Ambitious  
Production scale 500 7500 7500 7500 t PHA/y 
Feedstock Fruit waste Fruit waste OFMSW & SS OFMSW & SS  
YVFA/F 0.55 0.75 0.35 0.55 g COD/g COD 
YX/VFA 0.45 0.55 0.40 0.45 g COD/g COD 
YPHA/VFA 0.65 0.80 0.50 0.65 g COD/g COD 
Productivity 6.00 8.00 3.00 6.00 g PHA/(L⋅d) 
PHA content in biomass 0.59 0.80 0.46 0.59 g/g 
Recovery yield 0.75 0.85 0.65 0.75 g/g  
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impacts too. The GWP100 environmental burdens for the current, 50% 
and 60% RES are 0.268, 0.154 and 0.126 kg CO2-eq/kWh. 

The steam production is responsible for up to 25% environmental 
impact in GWP100, FEP and FDP. The steam is consumed in the last step 
of the PHA downstream processing, where the PHA cake is spray dried 
into powder. Regarding the consumption, scenario 1 employs a 44% 
more steam than scenario 2, while scenario 3 doubles scenario 1 and is 
70% higher than scenario 4. These notable differences can be explained 
by the different PHA content and the recovery yield (see Tables 2 and 3). 

Chemicals contribute considerably to TAP, FEP, HTPinf and FETPinf. 
SDS, which is employed to disrupt the biomass in the downstream 
processing, has the highest contribution within chemicals (up to a 60% 
chemicals’ environmental burdens). Its consumption, which is related 
with the PHA content in the biomass, is substantially higher in scenario 1 
than scenario 2, although scenario 3 has the highest. The other chem
icals are used as additives in the biomass selection and their rates per FU 
depend essentially on the selection yield, being scenario 3 the one with 
the highest consumption (see Tables 2 and 3). 

Table E.1 summarizes the technological parameters influence on the 
background processes’ environmental burdens. With regards to the 
background parameters, the RES is determinant for the electricity pro
duction environmental burdens as previously stated. However, the 
environmental burdens reduction caused by using the SSP2-RCP2.6 
background scenario instead SSP2-Base for 2030 is almost negligible 
(less than a 5% in all impact categories), as these scenarios consider a 
slow progress in achieving the sustainable development goals until 

2050. Regarding the foreground parameters, recovery yield and PHA 
content in biomass are the parameters that influence most the envi
ronmental burdens of electricity, steam, and chemicals. 

4.2. Uncertainty and sensitivity analysis 

Applying the scenario methodology allows the characterization of 
model structure and context uncertainty (Igos et al., 2019), i.e., ac
counting the uncertainty in the representativeness of the reality of the 
LCA model and the normative choices of LCA analysts respectively. 
Uncertainty analysis, shown in. 

Fig. 4, was performed to evaluate both epistemic (i.e. lack of 
knowledge) and ontic (i.e. deterministic and randomness) uncertainty 
related to the process performance parameters, considering a 10% 
variation for the lower and upper limits. The pressure drop in the high- 
pressure homogenizer was included in the analysis, as there is a signif
icant uncertainty related to this parameter (variance interval is 
500–1500 kPa) and this step is one of the hotspots regarding the elec
tricity. Uncertainty analysis was carried out through a Monte Carlo 
analysis (1000 iterations). Then, a global sensitivity analysis (GSA) 
(Cucurachi et al., 2022) was performed to evaluate the influence of each 
parameter on the results uncertainty. The GSA, shown in Fig. 5, was 
carried out following the standardized regression coefficients method. 

Significant differences were found among scenarios and categories 
when analyzing the uncertainty and GSA results together (Figs. 4 and 5). 
However, recovery yield is the parameter responsible for at least 50% 

Fig. 3. Characterization of PHA production within a waste-to-PHA biorefinery and contributions of background processes (FU: 1 kg of PHA).  
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Table 3 
LCI per kg of PHA powder for scenarios 1, 2, 3 and 4.  

Items Scenario 1 Scenario 2 Scenario 3 Scenario 4 Ecoinvent process 

Anaerobic fermentation 
Intermediate products 
VFA þ non fermented (kg COD) 14.05 5.81 39.95 12.71  
Technosphere inputs 
Feedstock (kg COD) 14.41 5.97 39.97 12.72  
Water (m3) 0.07 0.01 0.02 0.01 market for tap water (Europe without Switzerland) 
Electricity (kWh) 0.11 0.04 0.40 0.13 market for electricity, high voltagea (RERb) 
Heat (MJ) 30.35 12.70 0.00 1.27 heat production, natural gas, at industrial furnace >100 kW (Europe without 

Switzerland) 
Heat (MJ) 0.45 0.00 42.79 12.42  
Sodium hydroxide (kg) 0.10 0.06 0.17 0.09 chlor-alkali electrolysis, membrane cell (RER) 
VFA separation 
Intermediate products      
VFA rich stream (kg COD) 6.13 3.46 10.8 5.41  
Solid-rich wastewater stream (kg 

COD) 
7.92 2.35 29.13 7.30  

Technosphere inputs 
VFA þ non fermented (kg COD) 14.05 5.81 39.95 12.71  
Electricity (kWh) 0.17 0.07 0.72 0.23  
Biomass selection 
Intermediate products      
Biomass (kg)c 1.13 0.57 2.04 0.99  
Technosphere inputs 
VFA rich stream (kg COD) 2.90 1.00 6.37 2.56  
Electricity (kWh) 0.36 0.14 1.21 0.39 market for electricity, high voltage (RER) 
Heat (MJ) 1.74 3.81 0.00 4.00 heat production, natural gas, at industrial furnace >100 kW (Europe without 

Switzerland) 
Heat (MJ) 0.03 0.00 7.81 0.41  
Ammonium chloride (kg) 0.04 0.02 0.08 0.03 market for ammonium chloride (GLOd) 
Potassium phosphate (kg) 0.03 0.02 0.07 0.03 market for sodium phosphate (RER) 
Calcium chloride (kg) 0.02 0.01 0.04 0.01 market for calcium chloride (RER) 
Emissions to air 
Biogenic CO2 (kg) 1.07 0.37 2.35 0.95  
PHA accumulation 
Products      
PHA enriched biomass (kg) 2.26 1.57 3.34 1.99  
Technosphere inputs 
VFA rich stream (kg COD) 3.23 2.46 4.46 2.85  
Electricity (kWh) 0.49 0.41 1.26 0.61 market for electricity, high voltage (RER) 
Heat (MJ) 0.06 0.00 0.00 0.00 heat production, natural gas, at industrial furnace >100 kW (Europe without 

Switzerland) 
Heat (MJ) 0.00 0.00 0.04 0.02  
Emissions to air 
Biogenic CO2 (kg) 1.19 0.91 2.55 1.05  
PHA downstream processing 
Products 
PHA (kg) 1.00 1.00 1.00 1.00  
Technosphere inputs 
PHA enriched biomass (kg) 2.26 1.57 3.34 1.99  
Electricity (kWh) 0.93 0.62 1.61 0.83 market for electricity, high voltage (RER) 
Steam (MJ) 4.77 3.31 7.06 4.21 steam production, as energy carrier, in chemical industry (RER) 
Sodium hydroxide (kg) 1.20⋅10− 4 8.37⋅10− 5 1.78⋅10− 4 1.06⋅10− 4 chlor-alkali electrolysis, membrane cell (RER) 
Sulfuric acid (kg) 7.77⋅10− 5 5.39⋅10− 5 1.15⋅10− 4 6.86⋅10− 5 market for sulfuric acid (RER) 
SDS (kg) 0.06 0.04 0.09 0.05 market for non-ionic surfactant (GLO) 
Waste to treatment 
Wastewater (m3) 0.04 0.52 0.98 0.47 market for wastewater, average (Europe without Switzerland) 
Anaerobic digestion 
Intermediate products 
Biogas (m3) 2.12 0.40 13.98 2.76  
Technosphere inputs      
Solid-rich wastewater stream (kg 

COD) 
7.92 2.35 29.13 7.30  

Wastewater (kg COD) 1.89 0.86 3.49 1.46  
Electricity (kWh) 0.43 0.18 1.81 0.58  
Heat (MJ) 0.00 9.10 0.00 0.00 heat production, natural gas, at industrial furnace >100 kW (Europe without 

Switzerland) 
Heat (MJ) 23.49 4.57 40.04 14.83  
Waste to treatment 
Digestate (kg) 35.35 15.16 32.38 20.91  
Emissions to air 
CH4 (g) 0.87 0.16 5.72 1.13  
H2S (g) 1.41⋅10− 2 2.7⋅10− 3 9.35⋅10− 2 1.85⋅10− 2  

NH3 (g) 1.41⋅10− 3 2.7⋅10− 4 9.35⋅10− 3 1.85⋅10− 3  

CHPe 

(continued on next page) 
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and up to a 70% of results variance. As previously stated in the section 
4.1, this parameter is strongly related to the steam, electricity, and 
chemicals consumption and thus, it influences considerably the envi
ronmental performance of the process. Similarly, the PHA content is 
responsible for an average 25% of results variance, as it is related to both 
chemicals and electricity consumption. The pressure drop in the high- 
pressure homogenizer has a negligible effect on the variance of the 
environmental performance results, except for scenario 1 in freshwater 
eutrophication and human toxicity. Other parameters such as acidifi
cation yield are responsible for up to 30% variance in GWP100 and FDP, 
as this parameter determines the amount of intermediate waste that is 

sent to anaerobic digestion and further transformed into heat (free of 
environmental burdens). Therefore, it affects the environmental burdens 
of the employed in the process. 

5. Discussion 

In this section, the current LCA results are compared with the 
available literature on LCA of PHA production from organic wastes. 
Those LCA studies on PHA production from organic wastes published 
recently (2014 onwards) were selected (Table F.1). Five out of eight 
were based on MMC, while the rest employed pure culture. Half of 

Table 3 (continued ) 

Items Scenario 1 Scenario 2 Scenario 3 Scenario 4 Ecoinvent process 

Products 
Electricity (kWh) 5.33 1.02 35.20 4.66  
Heat (MJ) 23.97 4.57 158.38 31.27  
Technosphere inputs 
Biogas (m3) 2.12 0.40 13.98 2.76  
Emissions to air 
CH4 (g) 1.12 0.21 3.91 0.98  
CO2 (kg) 4.04 0.77 26.69 5.27  
CO (g) 2.37 0.45 15.65 3.09  
N2O (g) 0.12 0.02 0.80 0.16  
NOx (g) 0.73 0.14 4.81 0.95  
NMVOC (g) 0.10 0.02 0.65 0.13  
SO2 (g) 1.24 0.24 8.22 1.62   

a Refers to current, 50% and 60% RES electricity mix production processes. 
b RER = Europe. 
c Biomass contains a 15% weight of PHA. 
d GLO = Global. 
e Note that these values are reported per FU, 1 kg of PHA powder. 

Fig. 4. Uncertainty results for PHA production in the four scenarios defined and across the evaluated impact categories.  
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studies employed urban or industrial wastewater as feedstock, while the 
rest employed food processing byproducts and wastes such as cheese 
whey, molasses or glycerol. Regarding the goal and scope, half of the 
studies followed a consequential approach and half an attributional one. 
Among these ones, three out of four assessed PHA production as an 
alternative to conventional waste (Asunis et al., 2021) or wastewater 
treatment approaches (Morgan-Sagastume et al., 2016; Roibás-Rozas 
et al., 2020). Only Vea et al. (2021), who followed a cradle-to-grave 
approach, compared a PHA-based packaging material with other 
peers. Within the attributional approach, all the studies choose 1 kg of 
PHA as the functional unit, covering cradle-to-gate system boundaries. 
Nitkiewicz et al. (2020) evaluated the environmental performance, 
following an end-point approach, of medium-length and short-length 
PHA from crude oil, glycerol, and cooking waste oil (Fernández-Da
costa et al., 2015). compared different PHA recovery methods from 
MMC and provided some insights on the optimization of these processes. 
Heimersson et al. (2014) discussed the methodological issues of LCA on 
PHA production from organic wastes. However, none of these studies 
assess simultaneously the influence of parameters such as substrate, 
acidification yield, recovery yield or electricity mix. Only local sensi
tivity analysis, where different ratios of chemicals, electricity mixes or 
process configurations, were included. 

The current study presents a different goal from any of previous 
studies. The systematic development of scenarios adds transparency and 
enables dealing with the uncertainty by covering the cornerstone sce
narios. Hence, it is possible to determine semi-quantitatively (charac
terization analysis) and quantitatively (UA and GSA) the influence of 
both foreground and background parameters on the environmental 
performance. Besides, this work addresses the uncertainty related to 
handling a multifunctionality system. The results obtained are not 
straightforward comparable to those from the available literature on 
LCA of PHA from wastes, as the temporal boundaries are different. 
However, scenarios 2 and 4 outperform other LCA studies results (Asunis 
et al., 2021; Fernández-Dacosta et al., 2015). 

6. Limitations of the study 

In this work, it is proven the usefulness of prospective LCA by pro
jecting how PHA production by MMC could develop in the future and 
identifying the key parameters for the environmental performance. 
However, limitations regarding the process upscaling and the system 
modelling should be considered. 

Upscaling was performed using Piccinno et al. (2016) framework and 
pilot scale data. Elginoz et al. (2022) tested the application of this 

Fig. 5. GSA contribution analysis to the selected impacts categories and developed scenarios.  
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framework in anaerobic digestion and found that the main differences 
between industrial scale data and upscaled experimental data is caused 
by the difference in the methane production yield (Elginoz et al., 2022). 
Using mathematical models to estimate the yields combined with 
lab-scale data can decrease the level of uncertainty (Elginoz et al., 2022) 
as models impose restrictions (e.g., mass, elemental, electron balances) 
on the range of yield values. In this sense, the computer-aided design 
tool previously developed by Saavedra del Oso et al. (2022) can be 
employed to estimate the anaerobic fermentation yield and assess the 
environmental performance of other waste streams. 

The potential competition amongst technologies for valorizing these 
organic wastes has not been addressed here. For instance, when overall 
PHA production yield is low (scenario 3: 0.025 kg PHA/kg COD feed
stock), other options such as anaerobic digestion might be preferred 
from both technoeconomic and environmental perspective. Besides, 
feedstock availability can be also affected by future contexts, whose 
location and seasonality in some cases might be crucial. Another chal
lenge that prospective LCA should address is the long-term environ
mental impacts caused by plastic litter. In this sense, Plastic Leak Project 
(Quantis, 2020) has developed a methodology to estimate an inventory 
for plastic leakage in the environment. MariLCA project has developed 
midpoint and endpoint characterization factors for the impact assess
ment of microplastics generation in marine environments (Cor
ella-Puertas et al., 2022; Woods et al., 2021). Thus, future work should 
assess the whole value chain including the environmental impacts 
caused by mismanaged plastic. 

7. Conclusions 

In this research, we have applied the scenario methodology within a 
prospective LCA. To the best of our knowledge, this work elucidates for 
the first time how waste-to-PHA biorefineries could develop in the 
future and where the attention of stakeholders should be focused. 
Developing scenarios with a detailed description of how data were 
derived added transparency to the study and allowed dealing with un
certainties. The impact assessment, uncertainty assessment and the GSA 
quantified the influences of these parameters and identified the hotspots 
within the system for a more sustainable environmental performance. 

As conclusions, valuable insights are extracted from this work: 

• The type of substrate influences the process environmental perfor
mance, as it determines the acidification, biomass selection, and PHA 
accumulation yields. These parameters determine the amount of 
heat, electricity and chemicals employed in the system, which are the 
environmental hotspots. However, valorizing the intermediate waste 
streams into electricity and residual heat mitigates a lower yield in 
acidification and improves the overall system’s environmental 
performance.  

• The background scenarios influence the environmental performance. 
A higher RES would decrease the environmental impacts, as this 
process is energy intensive. 

• Recovery yield and PHA content are key parameters for the envi
ronmental performance, accounting for up to 50% variance in 
environmental performance. These parameters are strongly related 
to the electricity, steam, and chemicals consumption. PHA down
stream processing remains the main hotspot within the waste-to-PHA 
biorefinery. 

This work contributes to the development of cleaner PHA production 
within a circular economy approach. Future work should cover the 
whole value chain from cradle to grave and address the long-term 
environmental impacts caused by plastic leakage. 
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Appendix A. Methodology

Fig. A.1. Prospective LCA stages (green boxes) and its intersection with the scenario methodology (red box).   

Table A.1 
Summary of peer-review studies on PHA production by MMC at pilot scale, presented in chronological order.  

Number Year Title Reference 

1 2015 Integrated production of polyhydroxyalkanoates (PHAs) with municipal wastewater and sludge treatment at pilot scale Morgan-Sagastume et al. 
(2015) 

2 2017 A process for polyhydroxyalkanoate (PHA) production from municipal wastewater treatment with biological carbon and 
nitrogen removal demonstrated at pilot-scale 

Bengtsson et al. (2017) 

3 2018 Organic Fraction of Municipal Solid Waste Recovery by Conversion into Added-Value Polyhydroxyalkanoates and Biogas Valentino et al. (2018) 
4 2018 Consistent production of high quality PHA using activated sludge harvested from full scale municipal wastewater treatment – 

PHARIO 
Werker et al. (2018) 

5 2019 Pilot-Scale Polyhydroxyalkanoate Production from Combined Treatment of Organic Fraction of Municipal Solid Waste and 
Sewage Sludge 

Valentino et al. (2019) 

6 2020 Pilot-scale production of poly-3-hydroxybutyrate-co-3-hydroxyvalerate from fermented dairy manure: Process performance, 
polymer characterization, and scale-up implications 

Guho et al. (2020) 

7 2020 Biopolymers from urban organic waste: Influence of the solid retention time to cycle length ratio in the enrichment of a Mixed 
Microbial Culture (MMC) 

Moretto et al. (2020) 

8 2020 Mixed-culture polyhydroxyalkanoate (PHA) production integrated into a food-industry effluent biological treatment: A pilot- 
scale evaluation 

Morgan-Sagastume et al. 
(2020) 

9 2021 Combined Strategies to Boost Polyhydroxyalkanoate Production from Fruit Waste in a Three-Stage Pilot Plant Matos et al. (2021a) 
10 2021 Sludge retention time impacts on polyhydroxyalkanoate productivity in uncoupled storage/growth processes Matos et al. (2021b) 
11 2022 An integrated process for mixed culture production of 3-hydroxyhexanoate-rich polyhydroxyalkanoates from fruit waste Silva et al. (2022)   

Table A.2 
Technological analysis of peer-reviewed studies on PHA by MMC at pilot scale.  

Number  1 2 3 4 5 6 7 8 9 

Year  2018 2018 2019 2020 2020 2020 2021 2021 2022 
Feedstock  OFMSW Industrial 

wastewater +
SS 

OFMSW +
SS 

Manure OFMSW 
+ WAS 

Potato starch 
wastewater3 

Fruit 
waste 

Fruit 
waste 

Fruit 
waste 

Acidification Reactor 
configuration 

CSTR Batch Batch SBR Batch  UASB UASB UASB 

pH 5 5.5 5  5  5 5 5 
HRT (d) 3  6 4 6  1 1 1 
OLR (gCOD/(L 
d)) 

20.51  6.61 6.81 15.01  29.2 30.0 27.9 

YVFA/S (g COD/ 
g COD)) 

0.31 n.a. 0.25 n.a. 0.652 n.a. 0.74 0.80 0.57 

(continued on next page) 
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Table A.2 (continued ) 

Number  1 2 3 4 5 6 7 8 9 

Enrichment Reactor 
configuration 

SBR SBR SBR SBR SBR SBR SBR SBR SBR 

SRT (d) 1 7 1 4 1 7 4 4 4 
Cycle Length 
(h) 

6 n.a. 6 24 12 8 12 12 12 

OLR (gCOD/(L 
d)) 

2.50 n.a. 4.00 0.52 4.00 2.20 5.40 12.30 3.00 

YX/VFA (g 
COD/g COD)) 

0.20 n.a. 0.26 n.a. 0,55 n.a. n.a. n.a.  

Accumulation YPHA/VFA (on 
COD basis) 

0.57 0.40 0.50 0.58–0.87 0.62 0.69 0.70 0.74 1.00 

PHA content 
(g/g) 

0.52 0.37 0.46 0.40 0.59 0.50 0.80 0.69 0.71 

Reference  Valentino 
et al. (2018) 

Werker et al. 
(2018) 

Valentino 
et al. (2019) 

Guho et al. 
(2020) 

Moretto 
et al. 
(2020) 

Morgan-Sagastume 
et al. (2020) 

Matos 
et al. 
(2021a) 

Matos 
et al. 
(2021b) 

Silva 
et al. 
(2022) 

n.a. = not available. 1 kg TVS⋅m− 3/d. 2 kg COD/kg VS. 3 No acidification step.  

Appendix B. Scenario development 

B.1 Identification of influencing parameters  

Table B.1 
Identified influencing parameters, including description, and classification as surrounding or technological parameters.  

Name Description Classification 

Bioeconomy policy Adoption (or not) of policies towards the deployment of biobased technologies and resource recovery from 
wastes 

Surrounding 

Alternative feedstocks Use of waste or side-streams as feedstock to produce PHA Surrounding 
Climate change Intensity of climate change Surrounding 
Environmental awareness Environmental concern of both society and companies Surrounding 
Environmental policy Adoption (or not) of policies towards the deployment of cleaner technologies Surrounding 
Gross domestic product Total value of produced goods and provided services in a region for one year Surrounding 
Polymer applicability Polymer applicability according to its origin and functional characteristics Surrounding 
Production costs Operational and capital costs Surrounding 
Production scale Amount of product (PHA) produced in a facility for one year Surrounding 
Research & Development R&D activities regarding the PHA production by MMC that could lead to technological improvements Surrounding 
Research & Development 

Investment 
Investments in R&D activities Surrounding 

Renewable energies share (RES) Renewable energies (wind, solar, hydropower, biomass) share in electricity mix Technological 
(Background) 

Emissions regulations Emissions regulations in the production of energy, materials and chemicals Technological 
(Background) 

Acidification yield Yield of VFA from the anaerobic fermentation of feedstock Technological 
(Foreground) 

Biomass selection yield Yield of PHA-storing biomass from VFA Technological 
(Foreground) 

Recovery yield Yield of PHA powder from PHA enriched biomass Technological 
(Foreground) 

PHA accumulation yield Yield of PHA in PHA accumulation from VFA Technological 
(Foreground) 

PHA content in biomass PHA content in PHA enriched biomass after accumulation Technological 
(Foreground) 

Productivity Productivity in the selection and accumulation steps Technological 
(Foreground)  

B.2 Creation of scenarios from sub-scenarios 

For the cross-consistency check we refer to the provided excel file (APPENDIX B-1).  

Table B.2 
GMA for the creation of scenarios from sub-scenarios. The color coding specifies the drivers (in gold) and remaining consistent sub-scenarios (in blue).  

Bioeconomy policy Environmental 
policy 

Feedstock Production 
scale 

YVFA/ 

F 

YX/ 

VFA 

YPHA/ 

VFA 

Productivity PHA content in 
biomass 

Recovery 
yield 

(a) 
BAU SSP2-Base Fruit waste 500 0.35 0.40 0.50 3.00 0.46 0.65 

Current RES 
Moderately 

ambitious 
SSP2-RCP2.6 OFMSW & SS 2000 0.55 0.45 0.65 6.00 0.59 0.75 
50% RES 

(continued on next page) 
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Table B.2 (continued ) 

Bioeconomy policy Environmental 
policy 

Feedstock Production 
scale 

YVFA/ 

F 

YX/ 

VFA 

YPHA/ 

VFA 

Productivity PHA content in 
biomass 

Recovery 
yield 

Ambitious SSP2-RCP2.6  7500 0.75 0.55 0.80 8.00 0.80 0.85 
60% RES 

(b) 
BAU SSP2-Base Fruit waste 500 0.35 0.40 0.50 3.00 0.46 0.65 

Current RES 
Moderately 

ambitious 
SSP2-RCP2.6 OFMSW & SS 2000 0.55 0.45 0.65 6.00 0.59 0.75 
50% RES 

Ambitious SSP2-RCP2.6  7500 0.75 0.55 0.80 8.00 0.80 0.85 
60% RES 

(c) 
BAU SSP2-Base Fruit waste 500 0.35 0.40 0.50 3.00 0.46 0.65 

Current RES 
Moderately 

ambitious 
SSP2-RCP2.6 OFMSW & SS 2000 0.55 0.45 0.65 6.00 0.59 0.75 
50% RES 

Ambitious SSP2-RCP2.6  7500 0.75 0.55 0.80 8.00 0.80 0.85 
60% RES 

(d) 
BAU SSP2-Base Fruit waste 500 0.35 0.40 0.50 3.00 0.46 0.65 

Current RES 
Moderately 

ambitious 
SSP2-RCP2.6 OFMSW & SS 2000 0.55 0.45 0.65 6.00 0.59 0.75 
50% RES 

Ambitious SSP2-RCP2.6  7500 0.75 0.55 0.80 8.00 0.80 0.85 
60% RES  

The eight narratives derived from the GMA, which are summarized below, were presented and discussed at the stakeholders’ workshop:  

• Scenario A: a juice beverage company decides to replace its present waste treatment by a waste-to-PHA system, where this polymer and energy are 
produced, under the premise that this new process entails lower costs and environmental impacts. This occurs under BAU environmental policies 
(Current RES and SSP2-Base), and bioeconomy policies and the values of process performance parameters correspond to the Sub-scenario 2. The 
production scale is small (500 t/y).  

• Scenario B: same narrative as A, but under moderately ambitious environmental policies (50% RES and SSP2-RCP2.6).  
• Scenario C: under ambitious bioeconomy policies and thus, a higher market share and wider applicability of PHA, a PHA manufacturing company 

employs fruit waste as feedstock. The environmental policies are moderately ambitious (50% RES and SSP2-RCP2.6), and the values of process 
performance parameters are the Sub-scenario 2. The production scale is large, i.e., 7500 t of PHA/y. 

• Scenario D: same narrative as C but under ambitious environmental policies (60% RES and SSP2-RCP2.6) and high process performance pa
rameters (Sub-scenario 3).  

• Scenario E: under ambitious bioeconomy policies and thus, a higher market share of biobased plastics, a waste management consortium decides to 
produce PHA from organic fraction of solid urban waste and urban wastewater. This occurs under moderately ambitious environmental policies 
(50% RES and SSP2-RCP2.6) and low process performance parameters (Sub-scenario 1). The production scale is large, i.e., 7500 t PHA/y.  

• Scenario F: same narrative as E, but under ambitious environmental policies (60% RES and SSP2-RCP2.6).  
• Scenario G: same narrative as E, but the values of process performance parameters are from Sub-scenario 2.  
• Scenario H: same narrative as F, but the values of process performance parameters are from Sub-scenario 2. 

Appendix C. Process upscaling 

C.1 Calculation basis 

The process to estimate the calculation basis was the following:  

(1) PHA and biomass obtained in PHA on a t/y and t of chemical oxygen demand (COD) basis was calculated considering influencing parameters: 
scale, recovery yield and PHA content in biomass (Eq. C.1 and C.2). 

mPHA,basis

[
t COD
year

]

=
Scale

Yextraction
⋅CODPHA (Eq. C.1)  

mX,basis

[
t COD
year

]

=
Scale

Yextraction
•

(
1

PHAcontent
− 1

)

• CODX (Eq. C.2)    

(2) Based on the amount of PHA produced in the accumulation and enrichment step and the amount of PHA-storing biomass required, the amount 
of volatile fatty acids to fed in both enrichment and accumulation reactors was calculated based on influencing parameters: YX/VFA and YPHA/VFA 
(Eq. C.3 and C.4). The biomass productivity (XPR) and the organic loading rate (OLR) in the enrichment reactor are calculated in Eq. C.5 and 
C.6 considering the productivity. 

mVFA,basis

[
t COD
year

]

=
mPHA,basis⋅(1 − PHAselector)

YPHA/VFA

+
mX,basis

YX/VFA

(Eq. C.3) 
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fVFA,selector =

mX,basis
/

YX/VFA

mVFA,basis
(Eq. C.4)  

XPR
[
g X ⋅ L− 1 ⋅ d− 1]=Productivity⋅

mX,basis
/

CODX

mPHA,basis
/

CODPHA

(Eq. C.5)  

OLR
[
g VFA ⋅ L− 1 ⋅ d− 1]=

XPR⋅CODX

YX/VFA

(Eq. C.6)    

(3) Finally, considering the efficiency on the VFA separation step and the acidification yield, the amount of feedstock required was estimated (Eq. 
C.7). 

mfeed,basis

[
t COD
year

]

=
mVFA,basis

YVFA/feed
⋅YVFA,separation

(Eq. C.7)  

C.2 Process design 

Operational units’ conditions and design parameters are summarized in Table C.1. When estimating reactors’ volume, a design factor of 1.2 was 
applied.  

Table C.1 
Process specifications   

Operating Conditions/Design Basis Reference 

R101 Continuous stirred tank reactor (CSTR) (Matos et al., 2021a,b; Moretto et al., 2020; Silva et al., 2022) 
HRT = 1 d (FW) or 6 d (OFMSW) 
OLR = 30 g/(L⋅d) (FW) or 10 g/(L⋅d) (OFMSW) 
T = 25 ◦C 
Vgas = 7.4 m3/(m3⋅d) 
H2 = 15.9 %vv 
CH4 = 0 %vv 
k = 0.034 W/(m2⋅K) (applies to all reators) 
s = 0.05 m 

FT101 ηVFA,separation = 0.7735 (Moretto et al., 2020, 2020) 
R201 Sequence batch reactor (SBR) (Moretto et al., 2020; 2022) 

HRT = 1 
CL = 0.5 d 
T = 25 ◦C 

R202 Fed batch reactor (FBR) (Matos et al., 2021a,b; Moretto et al., 2020; Silva et al., 2022) 
CL = 0.5 d 
T = 25 ◦C 

FT301 Microfiltration (Saavedra del Oso et al., 2021) 
TSS = 150 g/L 

R301 CSTR (Saavedra del Oso et al., 2021) 
HRT = 0.25 h 
pH = 4 

H301 High pressure homogenizer (Saavedra del Oso et al., 2021) 
ΔPH = 1500 bar 
ηHm = 0.9 c 

ηhe = 0.9 c 

R302 CSTR (Saavedra del Oso et al., 2021) 
HRT = 1 h 
pH = 10 

FT302 Microfiltration (Saavedra del Oso et al., 2021) 
TSS = 150 g/L 

R-301 CSTR (Saavedra del Oso et al., 2021) 
Vigorous agitation b 

Residence time = 1 h e 

Stream/water dilution ratio = 1:4 
FT303 Microfiltration (Saavedra del Oso et al., 2021) 

TSS = 600 g/L 
S301 Spray dryer a (Saavedra del Oso et al., 2021) 

TSS = 990 g/L 
R401 Upflow anaerobic sludge blanket (Rodriguez-Verde et al., 2014) 

HRT = 19 d 
OLR = 2.4 g/(L⋅d) 
Ybiogas = 0.243 m3/kg COD 
CH4 = 65 %vv  
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C.3 Electricity consumption 

Upscaling methods used in ex-ante LCA of emerging technologies were followed to estimate utilities consumption (Piccinno et al., 2016; Tsoy et al., 
2020). 

C.3.1 Stirring energy 
Stirring electric energy is required by the reactors (Eq. ((8)), where Np is a dimensionless number specific to a certain type of impeller (axial or 

radial) and constant at turbulent flow. Np is 0.79 in the case of axial flow (our case) and the density of the reaction mixture (ρmix) is assumed equal to 
1000 kg/m3. 

Estir[J] =
Np⋅ρmix⋅N3⋅d5⋅t

ηstir
(8) 

N is the rotational velocity of stirring, calculated as in Eq. (9), where vt is the tip speed assumed equal to 1.66 m/s. 

N
[
s− 1] =

vt

π⋅d
(9) 

The diameter of the impeller (d) is calculated based on the assumption that it measures one third of the reactor diameter (D). Since some energy loss 
occurs, for example through friction, from the electricity input to the actual stirring, an efficiency value (ηstir) is included and assumed equal to 0.9. 

C.3.2 Aeration energy 
Aeration is required in both enrichment and accumulation reactors. Energy required by the aeration is calculated in Eq. (10), where WΔS is the 

minimum isentropic gas work and nair is the molar flow and the compressor efficiency (ηaer), assumed equal to 0.75. The required air molar flow was 
estimated assuming an extra 25% of the required air for the VFA consumed in the enrichment and accumulation reactors. The minimum isentropic gas 
work is calculated in Eq. C.11, where γ is the adiabatic compression factor (dimensionless, 1.4 for ideal gases), Z the compressibility factor (1 for ideal 
gas), T1 the temperature before compression (K) and, P1 and P2 the in an out pressure of the gas respectively (Pa) 

Eaer[J] =
WΔS⋅ṅair⋅t

ηaer
(Eq. C.10)  

WΔS
[
J⋅mol− 1] =

γ⋅Z⋅R⋅T1

(γ − 1)
⋅

[(
P2

P1

)
(γ− 1)

/

γ
− 1

]

(Eq. C.11)  

C.3.3 Filtration 
An electricity consumption of 10 kWh per ton of dry material was considered in all filtration units (Piccinno et al., 2016). 

C.3.4 Pumping 
An electricity consumption of 50 kWh per ton of dry material was considered in PHA production section (Vea et al., 2021), while a 0.155 kWh per 

cubic meter of stream was considered in the anaerobic digestion (Rodriguez-Verde et al., 2014). 

C.4 Heat consumption 

The heating energy required in the reactors is the energy necessary to raise the reaction mixture to a certain temperature and to keep it for the 
duration of the reaction (Qreact). This is calculated as the sum of the energy for raising the temperature (Qheat) and the heat loss on the reactor surface 
(Qloss) divided by the efficiency of the heating device (ηheat) (Eq. C.12). To calculate the Qheat (Eq. C.13), the specific heat capacity (Cp), the mass of the 
reaction mixture (mmix) and the reactor (Tr) and inlet (T0) temperature of the stream are required. To calculate the heat loss (Eq. C.14), he surface area 
of the reactor (A), the thermal conductivity of the insulation material (ka), the thickness of the insulation (s), the temperature difference between the 
inside and outside of the reactor (ΔT = Tr − Tout) and the time of the reaction (t) are needed. 

Qreact =
Qheat + Qloss

ηheat
(Eq. C.12)  

Qheat = CP⋅mmix⋅(Tr − T0) (Eq. C.13)  

Qloss = A⋅
ka

s
⋅(Tr − Tout)⋅t (Eq. C.14)  

C.5 Steam consumption 

The required steam (Qdry) in the spray dryer is calculated based on Eq. C.15. For that, the drying efficiency (ηdry) the liquid’s specific heat capacity 
(Cp,liq), the mass of the liquid (mliq), the temperature difference between the boiling and the initial temperature (ΔT = Tboil − Tout), the enthalpy of 
vaporization (ΔHvap) and the mass of vaporised liquid are required (mvap). 

Qdry =
CP,liq⋅mliq⋅(Tboil − T0) + ΔHvap⋅mvap

ηdry
(Eq. C.15) 
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C.6 Chemical consumption 

Chemical consumption is summarized in Table C.2. Sodium hydroxide is consumed in acidogenic fermentation to maintain the pH and it is 
estimated according to Gálvez-Martos et al. (2021). Chemical consumption in enrichment reactor is calculated according to Serafim et al. (2004). 
Chemical consumption in PHA downstream processing (DSP) is estimated according to Saavedra del Oso et al. (2021).  

Table C.2 
Summary of chemical consumption.  

Operational unit Chemical Conditions/Amount Units Reference 

Acidification NaOH 0.880 mol NaOH per mol C consumed Gálvez-Martos et al. (2021) 
Enrichment NH4Cl 0.160 g/L Serafim et al. (2004) 

K2HPO4 0.137 g/L Serafim et al. (2004) 
CaCl2 0.070 g/L Serafim et al. (2004) 

DSP H2SO4 pH 4  Saavedra del Oso et al. (2021) 
NaOH pH 10  Saavedra del Oso et al. (2021) 
SDS 4.00 g/L Saavedra del Oso et al. (2021)  

C.7 Emissions 

Emissions are listed in Table C.3. Biogenic carbon dioxide emissions in PHA production were estimated based on COD consumed, while emissions 
due to leakage in the anaerobic digestion were calculated based on the volume of biogas produced. Emissions in the cogeneration unit.  

Table C.3 
Summary of emissions.  

Operational unit Flow Conditions/Amount Units Reference 

Enrichment & Accumulation CO2 0.37 g/g COD Vea et al. (2021) 
Anaerobic digestion CH4 6.50⋅10− 2 %vv biogas Rodriguez-Verde et al. (2014) 

H2S 5.00⋅10− 4 %vv biogas Rodriguez-Verde et al. (2014) 
NH3 1.00⋅10− 4 %vv biogas Rodriguez-Verde et al. (2014) 

CHP CO2 1.91 kg/m3 biogas Rodriguez-Verde et al. (2014) 
CO 1.10⋅10− 3 kg/m3 biogas Rodriguez-Verde et al. (2014) 
N2O 5.74⋅10− 5 kg/m3 biogas Rodriguez-Verde et al. (2014) 
CH4 5.29⋅10− 4 kg/m3 biogas Rodriguez-Verde et al. (2014) 
NOx 3.44⋅10− 4 kg/m3 biogas Rodriguez-Verde et al. (2014) 
NMVOC 4.62⋅10− 5 kg/m3 biogas Rodriguez-Verde et al. (2014) 
SO2 5.88⋅10− 4 kg/m3 biogas Rodriguez-Verde et al. (2014)  

Appendix D. Electricity mix life cycle inventories 

For the electricity mix LCI we refer to the provided excel file (APPENDIX D). 

Appendix E. Environmental evaluation 

E.1 Characterization

Fig. E.1. Electricity consumption within the PHA production.   
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Fig. E.2. Characterization of PHA production within a waste-to-PHA biorefinery and contributions of each process unit (FU: 1 kg of PHA).   

Table E.1 
Qualitative assessment of the technological parameters influences on the background processes’ environmental burdens. Empty 
cells mean negligible influence.  

Parameter Electricity Heat1 Steam Chemicals 

RES ++

Emissions regulations     
YVFA/F + +

YX/VFA + + ++

YPHA/VFA +

Productivity +

PHA content in biomass ++ ++ ++

Recovery yield +++ +++ +++

1 Heat environmental burdens depend mainly on the heat source. 

E.2 Comparison of allocation methods 

Allocation method selection can also affect the results. To evaluate the uncertainty related to this selection, the baseline scenarios (100% allocation 
to PHA and electricity) were compared with substitution and other allocation approaches: COD and primary energy savings (PES) (Frangopoulos, 
2012) allocation in VFA separation and CHP respectively, and only minor differences were found among allocation approaches (see Fig. E.3). As biogas 
production and combustion CO2 emissions are biogenic, the related environmental impacts are caused mainly by the digestate incineration and the 
N2O, NOx and NMVOC emissions. The related environmental impacts of heat production in the CHP are seven times lower than heat district pro
duction from natural gas. Thus, PES allocation results present a significant variance compared to the baseline. Similarly, as VFA separation related 
environmental impacts are low compared to other units, differences with the baseline allocation method are lower than a 10%. However, substitution 
method results differ significantly compared to allocation methods. The high amount of avoided electricity produced in scenario 3 favors its envi
ronmental performance in both GWP100 and FDP, although the emissions in the AD and CHP hamper its environmental performance in the rest of 
impact categories. Indeed, the environmental impacts are strongly related to these emissions. Substitution may lead to misunderstandings in 
decision-making. For instance, if policy makers prioritize the GWP100, scenario 3 could be chosen over other scenarios even though the PHA pro
duction environmental performance is worse. Thus, this approach should be avoided. 
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Fig. E.3. Comparison of different approaches to handle multifunctionality: baseline (solid waste stream and heat have no environmental burdens), allocation COD 
(on VFA separation), allocation PES (on CHP) and substitution (avoided electricity production). 

Appendix F. Discussion  

Table F.1 
Summary of LCA studies on PHA production from organic wastes published 2014 onwards.  

Number Year Title Reference 

1 2014 Methodological issues in life cycle assessment of mixed-culture polyhydroxyalkanoate production utilising waste as feedstock Heimersson et al. (2014) 
2 2015 Microbial community-based polyhydroxyalkanoates (PHAs) production from wastewater: Techno-economic analysis and ex-ante 

environmental assessment 
Fernández-Dacosta et al. 
(2015) 

3 2016 Techno-environmental assessment of integrating polyhydroxyalkanoate (PHA) production with services of municipal wastewater 
treatment 

Morgan-Sagastume et al. 
(2016) 

4 2020 How sustainable are biopolymers? Findings from a life cycle assessment of polyhydroxyalkanoate production from rapeseed-oil 
derivatives 

Nitkiewicz et al. (2020) 

5 2020 Environmental assessment of complex wastewater valorization by polyhydroxyalkanoates production Roibás-Rozas et al. (2020) 
6 2021 Environmental life cycle assessment of polyhydroxyalkanoates production from cheese whey Asunis et al. (2021) 
7 2021 Techno-economic evaluation and life-cycle assessment of poly(3-hydroxybutyrate) production within a biorefinery concept using 

sunflower-based biodiesel industry by-products 
Kachrimanidou et al. (2021) 

8 2021 Inclusion of multiple climate tipping as a new impact category in life cycle assessment of polyhydroxyalkanoate (PHA)-based 
plastics 

Vea et al. (2021)  
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