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Summary

As the age of fossil resources is declining, due to the foreseeable shortage of their availability and raising
awareness for global challenges like climate change and ecosystem degradation, biogenic resources
become increasingly important. Microalgae have been recognised as a promising feedstock for meeting
the rising demand for biogenic resources. The underlying technology is still emerging and various

cultivation and processing practices are under research.

This thesis aims to analyse under which conditions a microalgal biorefinery in the Bavarian-Czech
border region is environmentally preferable over a plant- and oil-based reference system. Based on a
literature screening, four different processing pathways for the production of proteins, polysaccharides
and lipids in the microalgal biorefinery were selected. In addition, the reference products for the outputs
were selected based on their chemical composition. The output of the microalgal biorefinery can
substitute a variety of products: The glucose-rich polysaccharides from Chlorella vulgaris could
potentially replace maize as feedstock for polylactic acid. To separate dissolved polysaccharides and
proteins membrane filtration and three-phase partitioning were examined. Due to its good emulsifying
properties, the protein-extract could substitute oil-based surfactants. Two extraction methods,
conventional solvent extraction and supercritical carbon dioxide extraction, were analysed for the
extraction of lipids from the undissolved fraction. The comparable fatty acid composition makes the

lipid extract an interesting alternative to palm oil, while the residue could be used as animal feed.

A literature review was conducted to identify the environmental disadvantages of microalgal products.
The energy consumption of microalgae cultivation and processing is the main reason for the high global
warming potential and fossil fuel depletion of microalgal products. The unfavourable water consumption
is caused by the nitrogen demand during cultivation. Building on these results, integrated scenarios of
anaerobic digestion of four different waste streams and microalgae cultivation were evaluated through
life cycle assessment and geospatial analysis. The life cycle assessment results indicate that sewage
sludge, cattle and swine manure have the potential to lower the environmental load of the microalgae
cultivation. The geospatial analysis reveals that only sewage sludge and cattle manure are sufficiently

available in the target region.

The previously generated results on the environmental weaknesses of microalgal as well as on the
potential of the integrated scenarios were used to compile nine different background systems for the
biorefinery concept. The foreground system was modelled by a parameterised inventory and life cycle
impacts were calculated for 4000 quasi-random samples of parameter values for each background
system. The results were reversely analysed to identify the key parameters and their desired value ranges

for an environmentally favourable performance.
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Two promising scenarios were identified in which the microalgal biorefinery could reduce the global
greenhouse gas emissions and fossil fuel dependency: (i) the stand-alone scenario using a fully
renewable electricity mix, wood chips as heat source and flue gas as carbon source, and (ii) the integrated
scenario, a combination of anaerobic sewage sludge digestion and microalgae cultivation. Both
scenarios have common characteristics: (i) environmentally burden-free carbon source, (ii) renewable
energy sources, and (iii) technology improvements for drying, cell disruption and membrane filtration.
In the stand-alone scenario, the combination of supercritical carbon dioxide extraction for lipids and
membrane filtration for the separation of proteins and polysaccharides is preferable over any other
combination of pathways. For the integrated scenario, the combination of conventional solvent
extraction and membrane filtration show advantageous results as well. Year-round cultivation is, due to
the seasonal climate in the border region, heat-demanding and environmentally not recommendable for
both scenarios. The integrated scenario has more favourable results than the stand-alone scenario and a
lower degree of burden-shifting to other impact categories.

The developed reverse life cycle assessment approach opens up new possibilities for applying life cycle
assessment in the development stage of emerging technologies as it allows to identify key parameters
and their desired value ranges. The results can be used to benchmark newly developed processes and
optimised existing processes.



Zusammenfassung

Da sich das fossile Zeitalter aufgrund der absehbaren Verknappung der fossilen Ressourcen und einer
gestiegenen  Sensibilisierung  fir  globale  Herausforderungen  wie  Klimawandel und
Okosystemdegradierung, dem Ende néhert, gewinnen biogene Ressourcen zunehmend an Bedeutung.
Mikroalgen werden als vielversprechender Rohstoff gehandelt, um die steigende Nachfrage nach
biogenen Ressourcen zu erfillen. Die zugrundeliegende Technologie befindet sich noch im
Entwicklungsstadium, und verschiedene Kultivierungs- und Verarbeitungsmethoden werden derzeit

erforscht.

Ziel dieser Arbeit ist es zu analysieren, unter welchen Bedingungen eine Mikroalgen-Bioraffinerie im
bayerisch-tschechischen Grenzgebiet gegeniiber einem pflanzen- und 6lbasierten Referenzsystem
Okologisch vorzuziehen ist. Basierend auf einer Literaturstudie wurden vier verschiedene
Verarbeitungspfade fiir die Produktion von Proteinen, Polysacchariden und Lipiden in der Mikroalgen-
Bioraffinerie ausgewahlt. Dartiber hinaus wurden die Referenzprodukte fiir die Outputs auf der
Grundlage ihrer chemischen Zusammensetzung ermittelt. Der Output der Mikroalgen-Bioraffinerie
kann eine Vielzahl von Produkten ersetzen: Die Polysaccharide aus Chlorella vulgaris koénnten,
aufgrund ihres hohen Glukosegehaltes, Mais als Ausgangsmaterial fir Polylactide ersetzen. Zur
Abtrennung der in Wasser geldsten Polysaccharide und Proteine wurden Membranfiltration und
Dreiphasen-Separation untersucht. Aufgrund seiner guten Emulgiereigenschaften konnte der
Proteinextrakt Olbasierte Tenside ersetzen. Zwei Extraktionsmethoden, die konventionelle und die
tiberkritische Kohlendioxid-Extraktion, wurden flir die Extraktion von Lipiden aus der ungeldsten
Fraktion analysiert. Die vergleichbare Fettsdurezusammensetzung macht den Lipidextrakt zu einer
interessanten Alternative zu Palmol, wahrend der verbliebene Rickstand als Tierfutter verwendet

werden konnte.

Eine Literaturrecherche wurde durchgefihrt, um die 6kologischen Nachteile der Mikroalgenproduktion
zu identifizieren. Der Energieverbrauch bei der Kultivierung und Verarbeitung von Mikroalgen ist der
Hauptgrund flr das hohe Treibhausgaspotential und den fossilen Brennstoffverbrauch. Der grofle
Wasserverbrauch wird durch den Stickstoffbedarf wahrend der Kultivierung verursacht. Aufbauend auf
diesen Ergebnissen wurden integrierte Szenarien der Mikroalgenkultivierung mit einer Vergérung von
vier verschiedenen Abfallstromen mittels Okobilanz und raumlicher Analyse bewertet. Die Ergebnisse
der Okobilanz zeigen, dass Klarschlamm, Rinder- und Schweinegille das Potenzial haben, die
Umweltbelastung durch die Mikroalgenkultivierung zu senken. Die raumbezogene Analyse ergibt, dass

in der Zielregion nur Klarschlamm und Rindergulle ausreichend verfiigbar sind.

Die gewonnenen Erkenntnisse, beziiglich der dkologischen Schwéchen der Mikroalgenproduktion
sowie des Potentials der integrierten Szenarien, wurden genutzt, um neun verschiedene

Hintergrundsysteme fiir das Bioraffineriekonzept zu erstellen. Das Vordergrundsystem wurde in einer



parametrisierten Sachbilanz modelliert, und die Lebenszyklusauswirkungen wurden fir 4000 quasi-
zuféllige Kombinationen von Parameterwerten fur die verschiedenen Hintergrundsysteme berechnet.
Die Ergebnisse wurden riickwértig analysiert, um die Schllsselparameter und ihre gewiinschten

Wertebereiche fur geringere Umweltbelastungen als das Referenzsystem zu identifizieren.

Es wurden zwei vielversprechende Szenarien identifiziert, in denen die Mikroalgen-Bioraffinerie die
globalen Treibhausgasemissionen und die Abhédngigkeit von fossilen Brennstoffen reduzieren kénnte:
(i) eigenstdndiges Szenario mit vollstdndig erneuerbarem Strommix, Holzhackschnitzeln als
Warmequelle und Abgas als Kohlenstoffquelle, und (ii) integriertes Szenario, in dem die Kultivierung
der Mikroalgen mit der Klarschlammvergédrung kombiniert wird. Beide Szenarien haben gemeinsame
Merkmale: (i) eine alternative Kohlenstoffquelle, (ii) erneuerbare Energiequellen und (iii)
technologische Verbesserungen fur Trocknung, Aufschluss und Membranfiltration. Die Kombination
von (berkritischer Kohlendioxidextraktion fiir Lipide und Membranfiltration fiir die Trennung von
Proteinen und Polysacchariden ist im eigenstandigen Szenario anderen Prozesskombinationen
vorzuziehen. Fir das integrierte Szenario zeigt die Kombination aus konventioneller Extraktion und
Membranfiltration ebenfalls gute Ergebnisse. Die ganzjéhrige Kultivierung verursacht, aufgrund des
saisonalen Klimas in der Grenzregion, einen hohen Warmebedarf und ist flr beide Szenarien 6kologisch
nicht empfehlenswert. Das integrierte Szenario weist bessere Ergebnisse als das eigenstandige Szenario
auf und verlagert die Belastung weniger auf andere Wirkungskategorien.

Der entwickelte Ansatz der riickwartigen Analyse der Okobilanz eréffnet neue Maglichkeiten fiir die
Anwendung der Okobilanz im Entwicklungsstadium neuer Technologien, da er es ermdglicht,
Schliisselparameter und ihre gewiinschten Wertebereiche zu identifizieren. Die Ergebnisse kénnen zum

Benchmarking neu entwickelter Prozesse und zur Optimierung bestehender Prozesse genutzt werden.
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1 Introduction

1.1 Motivation — Global challenges

The limited availability of resources, the increasing demand due to population growth and economic
development, as well as the interconnected global challenges of global warming and ecosystem
degradation force humanity to develop new ways of economizing (Directorate-General for Research and
Innovation, 2018). These issues are also reflected in the sustainable development goals (SDGs), defined
by the United Nations, to foster a global “development that meets the needs of present generations
without compromising the ability of future generations to meet their needs” (European Commission,
2019: 6). SGD 12 - “Ensure sustainable consumption and production patterns” - determines the target
for the reduction of waste production as well as resource consumption, while air pollution is covered by
SDG 11 — “Make cities and human settlements inclusive, safe, resilient and sustainable”. SDG 13 —
“Take urgent action to combat climate change and its impacts” — specifically addresses global warming.
The protection of ecosystems is targeted in SDG 6 — “Ensure availability and sustainable management
of water and sanitation for all” —, SDG 14 — “Conserve and sustainably use the oceans, seas and marine
resources for sustainable development” — and SDG 15 — “Protect, restore and promote sustainable use
of terrestrial ecosystems, sustainably manage forests, combat desertification, and halt and reverse land
degradation and halt biodiversity loss”. These goals have in common that new technologies, sustainable
production chains and, in the case of SDG 12 and 13, bioeconomy are opportunities leading towards the
goals (European Commission, 2019). According to the Directorate-General for Research and Innovation
(2012), bioeconomy is the generic term for processes and industries that produce renewable biological
resources and convert them into physical or energetic products. The countries of the European Union
are facing major difficulties in meeting various SDGs, especially for SDG 12 and 13 the performance is
poor and some countries even show a deterioration (Sustainable Development Solutions Network and

Institute for European Environmental Policy, 2019).

The European bioeconomy strategy and action plan was announced by the European Commission in
2012 and was updated in 2018. The plan addresses five cross-sectional objectives, the bioeconomy shall
achieve: (i) ensuring food security, (ii) managing natural resources sustainably, (iii) reducing the

dependency on non-renewable resources, (iv) mitigating and adapting to climate change, (v) creating
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jobs and maintaining economic competitiveness. Therefore, the development of new innovative
processes as well as unlocking the biomass potential is required (Directorate-General for Research and
Innovation, 2018). The gap between biomass demand and supply was identified as one of the main
barriers to the transition towards a biobased economy. Considering the current biomass use and present
cultivation and harvesting practices, the area of arable land available is insufficient to meet the expected
biomass demand in the future. To close the gap between biomass demand and supply, three challenges
have to be met: Firstly, enough biomass needs to be produced while ensuring that overexploitation of
resources is avoided. Secondly, it is inevitable to reduce the greenhouse gas emissions caused by
biomass production and the related land-use changes. Thirdly, the production pathways for biomass
need to be economically competitive. (Directorate-General for Research and Innovation, 2014)

1.2 Microalgae — a biogenic resource

Microalgae offer the potential to fulfil the aforementioned conditions while closing the gap of biomass
demand and supply and are thereby a valuable feedstock to overcome the main obstacle of the economic
transition. Increasing demand for biomass can be satisfied by microalgae due to their exponential growth
rates and the possibility of year-round production. Moreover, microalgae require less water and arable
land than terrestrial crops. Consequently, land competition with food plants as well as the environmental
impacts of land-use change are avoided. Other advantages of microalgae are the possibilities to use
waste streams as nutrient sources and the biofixation of waste carbon dioxide (CO,). Moreover, no
pesticides and herbicides are required for growing microalgae, reducing the environmental damage

caused by their cultivation. (Brennan and Owende, 2010)

The global production of algal biomass is mainly concentrated in Asia, where a remarkable growth was
achieved in the last two decades — from 10.51 million tons in 2000 to 30.45 million tons in 2015. The
European production, on the contrary, remained relatively stable with annual production between 0.23
and 0.38 million tons. In 2015, 0.003 % of the total European biomass supply was provided by algae.
(Camia et al., 2018) The European algal sector and its supply chain generated 1.69 billion Euro in 2016
and employed 14,000 people. The blue bioeconomy, which includes algae and other aquatic resources,
is predicted to play an important role in the European bioeconomy and contribute to employment and
economic growth. (Directorate-General for Maritime Affairs and Fisheries and Joint Research Centre,
2018)

Microalgae gained the interest of various market sectors as an innovative biobased feedstock. The largest
sector is currently seen in the energy market, where microalgal biodiesel, bio-ethanol, bio-methane or
jet fuel could substitute fossil- or plant oil-based transport fuel. Bio-methane from anaerobic digestion
of microalgal biomass could also be used to generate electricity and heat. Since the energy market is
characterised by low-value products, microalgal alternatives are currently economically not competitive.

The chemical and material sector offers in the long term numerous applications for microalgal biomass,
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among other products microalgae have the potential to be utilized for nutrient recycling, biofertilizers,
biopesticides and bioplastics. First products in this field were already placed in the market and legislative
developments in Europe open promising perspectives for microalgae. Their functional ingredients make
microalgae an interesting additive for functional food, while their high protein content enables also the
use as animal feed. The use of the entire biomass as food supplement and the use as feed in aquaculture
are already well established, while the use of functional ingredients is constraint by their economic
competitiveness with substitutable products as well as by food safety requirements. The pharmaceutical
and personal care market is characterised by a high margin, but smaller market size when compared to
the previous sectors. Due to their bioactive ingredients, microalgae products are already present in the
personal care sector, while pharmaceutical products are not yet available. However, microalgal
ingredients showed anti-inflammatory, antiviral, anticancer and antibacterial effects, which make them
a promising source for future pharmaceuticals. (Spruijt et al., 2015)

Microalgae cultivation facilities can be implemented in different places. Coastal regions are becoming
more crowded due to maritime industries and population movements, therefore, activities are pushed
further offshore resulting in technological and planning challenges (Directorate-General for Research
and Innovation, 2012). Freshwater microalgae have the advantage, that their cultivation is not bound to
marine resources, but can take place in aquaculture facilities in non-coastal regions (Masojidek and
Torzillo, 2013) and thereby create jobs and wealth in less developed regions. Despite the ongoing
integration of former national economics into a European economy and the free movement of goods,
services and people within the European Union, many border regions are characterised by a
socioeconomic underperformance and higher unemployment rates than on national level. The Bavarian-
Czech border region is a rather unique case since the different states of development and the high
differences in wages remained after the fall of the Iron Curtain. The Czech Republic, except Prague,
belongs to the less developed countries in the European Union, while Bavaria is classified as a more
developed region (Brandmdiller et al., 2018). Nevertheless, different states of development exist within
Bavaria. The structurally weak districts, where special support is required, are located close to the
Bavarian- Czech border (Koch, 2018).

Chlorella strains are among the most cultivated microalgae worldwide, they are characterised by high
growth rates and extensive temperature tolerance of 15-40 °C. Their biomass mainly consists of
proteins, lipids and polysaccharides and contains smaller amounts of pigments, vitamins and minerals.
(Masojidek and Torzillo, 2013) In Europe, Chlorella vulgaris is the most cultivated Chlorella strain
(Camia et al., 2018).

Ursu et al. (2014) as well as Kulkarni and Nikolov (2018) analysed the amino acid profile of protein
concentrate extracted from C. vulgaris and found it to be comparable to soybean protein. It was further

found, that the emulsification properties of the protein concentrate are at least similar or even better than
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the properties of common commercial emulsifiers like sodium caseinate or soy protein isolate. The
essential amino acid composition, which surpassed the recommendation of World Health Organization,
as well as the good emulsification properties make the protein concentrate of C. vulgaris a promising
techno-functional ingredient for the food industry (Ursu et al., 2014). Other potential fields of
application can be found in the pharmaceutical and chemical industry (Waghmare et al., 2016) as well

as in the cosmetic sector (Ursu et al., 2014).

Microalgal lipids are of interest for various sectors. Lipids used for biodiesel production should have a
low content of saturated fatty acids and polyunsaturated fatty acids, while a high content of
monounsaturated acids is desirable to comply with the European standard for biodiesel. Further, a
maximum of 12 wt.% is set by the standard for the linolenic acid content. (Ramos et al., 2009) Algal
oils have also shown promising results as a substitute for fish oil as a source of long-chain omega-3
polyunsaturated fatty acids, which provide several health benefits to humans. Especially
eicosapentaenoic and docosahexaenoic acid are of interest, as only a marginal amount of the precursor
a-linolenic acid is converted to eicosapentaenoic and docosahexaenoic acid in the human body. (Lane
et al., 2014) The personal care sector is another industry, where fatty acid-containing products are
demanded. Skin permeation and absorption of other ingredients of skincare products are enhanced by
palmitic and oleic acid, while skin moisturising and curative effects for skin disorders were reported for
linoleic acid. a-linolenic acid has shown promising results for acne treatment. (Vermaak et al., 2011)
For optimal growing conditions, without enhancement of lipid production by nitrogen starvation, the
fatty acid composition of lipid extracts from C. vulgaris mainly contain palmitic acid, a-linolenic acid,
oleic acid and linoleic acid (Matos et al., 2016; Otles and Pire, 2001; Tanzi et al., 2011) resulting in a

high attractiveness for the personal care sector.

Ortiz-Tena et al. (2016) found that the dissolved polysaccharides of C. vulgaris contain predominantly
glucose (67 %), followed by galactose (21 %) and ribose (6 %). Glucose is the source material for the
production of lactic acid, which can be converted to lactide by dehydration and then polymerised to
polylactic acid (PLA), which is the most promising bio-based and biodegradable plastic (Institute for
Bioplastics and Biocomposites, 2018). Due to its comparable properties to fossil-based plastics like
polyethene terephthalate, polypropylene and polystyrene, a wide range of applications is possible for
PLA (Castro-Aguirre et al., 2016). The current raw material for the production of PLA are mainly corn
and other starch-containing resources like potatoes; the applications cover packaging, textiles, consumer
goods, agriculture and horticulture (Institute for Bioplastics and Biocomposites, 2018). Its compatibility
with the human body makes PLA also an attractive material for medical applications (Castro-Aguirre et
al., 2016). Due to their high glucose content, polysaccharides from C. vulgaris are an interesting

alternative to corn and potatoes for the production of PLA.
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1.3 Research aims and research questions

To reach the SDGs and to move forward to increased wellbeing of the society and ecosystems, it is
inevitable to assess the progress made as well as the potential of new technologies contributing to
achieving the goal of overall sustainable development. This thesis aims to gain a deeper understanding
of the environmental consequences of microalgal biorefineries for the production of PLA and
commodity chemicals in the Bavarian-Czech border region and requirements to be fulfilled to positively
contribute to meeting the SDGs.

Three different research topics (RT) with corresponding research questions (RQ) were addressed to
achieve the research aim (Table 1). RT1 targets to analyse the state of the art of the environmental load
of microalgae and to identify the main hotspots. Moreover, it allows an initial assessment of the
environmental potential of microalgae as a feedstock for PLA. Based on the results of RT1, RT2 was
formulated to evaluate the potential of reducing the environmental burden of microalgae by integration
into existing bio-based industries in the Bavarian-Czech border region. The results of RT1 and RT2
were incorporated into RT3, which focuses on the biorefinery concept and its environmental impacts
(Table 1).

Table 1: Research topics and research questions

Research topic Research questions Publication
RT1  Environmental RQ1 What are the environmental benefits and I
potential of microalgae drawbacks of microalgae and PLA?

RQ2 Do microalgae offer the potential to reduce
the environmental burden of PLA?
RT2 Integration into RQ3  How does the use of available waste I
regional economy streams affect the environmental impacts
of microalgae cultivation?
RQ4  Are the promising waste streams available
in the analysed region?
RT3  Biorefinery for the RQ5 How could a potential biorefinery system 11
production of PLA and and its inventory look like?
commodity chemicals ~ RQ6  Which products could be substituted?
RQ7  Under which conditions is the microalgal
biorefinery environmentally beneficial?
RQ8  Which process parameters have to be

further improved and to which extent?
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Based on the identified requirements to be fulfilled, recommendations are made for action to integrate
microalgal biorefineries successfully in the future bioeconomy in the Bavarian-Czech border region

from an environmental point of view.

1.4 Outline of the thesis

The present thesis is divided into five chapters. Chapter 1 introduces the research topic and explains the
research guestions. The methodological framework of the papers submitted for publication is presented
in Chapter 2. Life cycle assessment (LCA), as the main method of this thesis, is accompanied by
literature reviews to find data required for conducting the LCA studies, and a geospatial analysis to
further evaluate the LCA results. The methodological approach applied for the literature reviews is
explained in Section 2.1. Section 2.2 describes the LCA approach used in this work. At first, the most
important terminology and key concepts are explained, followed by the common methodology of both
LCA studies conducted. Study-specific aspects are presented in Section 2.2.3 for the first LCA study
and Section 2.2.4 for the second one. The used data sources and the applied method for the geospatial
analysis are elucidated in Section 2.3. The papers submitted for publication are presented in Chapter 3.
Chapter 4 contains a discussion of the overall results as well as a critical evaluation of the applied
methodologies and summarizes the outcomes related to the research topics and questions.
Recommendations for action and future research are provided in Chapter 5.
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2 Materials and Methods

2.1 Literature Review
Two literature reviews were conducted to answer RQ1-2 and RQ5-6. The next sections explain the
individual steps of the methodology proposed by Fink (2013).

2.1.1 Search mechanism

For both reviews, the scientific databases of Elsevier (www.sciencedirect.com), Springer

(www.link.springer.com) and Wiley (www.onlinelibrary.wiley.com) were searched for relevant

publications. For the review studies that were found during the progress, the original articles were sought
in a backward search. The same was done for original research articles referring to previous publications
for the inventory. In the case of RQ5, it was also necessary to screen google to find technical information

on process equipment provided by manufacturers.

The search terms used in the first literature review aiming to answer RQ1-2 were “LCA AND algae” as
well as “LCA AND PLA”. For answering RQ5-6 the search terms “disruption AND microalgae”,
“protein extraction AND microalgae”, “lipid extraction AND microalgae”, “polysaccharide extraction
AND microalgae” and “carbohydrate extraction AND microalgae” were used. To validate the
information found on the composition of the extracts, which were important for identifying substitutable
products, a second-round with the search terms “C. vulgaris AND amino acids”, “C. vulgaris AND fatty
acids” as well as “C. vulgaris AND monosaccharides” was carried out. For promising extraction
methods, the “name of the method AND LCI” was searched to find additional information for LCA

studies.

2.1.2 Screening criteria

For both reviews, only publications in English of peer-reviewed journals were considered. In the first
review, all articles published before the 1ISO norms on LCA came into place in 2006 were omitted since
these articles do not fulfil the current LCA standard. The algae-related articles were screened on their
scope: Firstly, all articles focusing on marine or macroalgae were excluded. Secondly, studies, which

assessed the environmental impacts of microalgal use in wastewater treatment, were not further
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analysed. Thirdly, LCAs with a geographic scope that differed considerably in climatic conditions were
omitted as they do not provide any relevant information for the potential environmental impacts of
microalgae cultivation in the region under study. For PLA-related publications, the screening criteria
were: (i) consideration only of comparative studies, which used a fossil-based reference product, and
(ii) exclusion of articles focusing on PLA composites without presenting results for pure PLA. The
number of reviewed articles was further limited by omitting all studies only presenting product footprints
and by excluding papers only rephrasing results of other studies without adding value for answering the

research questions. In total, 21 articles were analysed.

In the second review, only those publications were considered for further analysis that fulfilled at least
two of the following requirements: (i) clear and detailed description of extraction method, (ii)
guantitative presentation of achieved extraction yields, (iii) values given for process parameters and
energy consumption. For the composition of the extracts, only publications focusing on Chlorella strains

were considered.

2.1.3  Analysis and synthesis

For the first review, a descriptive analysis of the considered articles was conducted. Three areas were
evaluated in detail: the scope of the article, the methodologic choices made as well as the outcomes. To
identify the environmental advantages of microalgae and environmental disadvantages of PLA, the
focus of the analysis of outcomes laid on the comparisons of microalgae with other biomass sources as
well as PLA compared to fossil-based plastics. For the descriptive analysis of the studies’ scope and
methodology, each article had equal weight, while for the outcome analysis weighting factors based on
the relevance of the publications were introduced. Therefore, the pedigree matrix, which is a common
tool for assessing data quality in LCA (Ciroth et al., 2012), was adjusted. Four aspects were assessed to
describe the degree of correlation between the system under study in the reviewed paper and the system
proposed in this thesis to produce microalgal PLA: (i) process correlation, (ii) system correlation, (iii)
temporal correlation and (iv) geographic correlation. For every indicator, scores from 1 to 5 were
defined, where 1 describes a high correlation and 5 a very low correlation or missing information. Each

study was classified accordingly.

For each score, a significance factor was chosen beforehand, taking into account the importance of each
of the four aspects considered (Table 2). These scores were used to calculate the geometric standard
deviation. The closer the results to one, the more significant was the study and the higher was the
weighting factor assigned to the study. A study with the best possible significance was considered with
100 % in the outcome analysis, while a study with the worst possible significance received a weighting
factor of 20 %. The weighting factor for studies within these two extremes was calculated through linear

interpolation.
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Table 2: Significance factors applied together with pedigree matrix in the first literature review (Bussa et al., 2019)

Indicator Score 1 2 3 4 5
Process correlation (Spc) 1.00 1.10 1.20 1.50 2.00
System correlation (Ss) 1.00 1.10 1.20 1.50 2.00
Temporal correlation (Sy) 1.00 1.03 1.10 1.20 1.50
Geographic correlation (Sqc) 1.00 1.01 1.02 1.05 1.10

Two indicators were developed for the outcome analysis. The sufficiency quotient (SQ) describes the
environmental strength of microalgae, while the deficiency quotient (DQ) gives information on the
environmental weaknesses of PLA. Both indicators were calculated similarly. The weighted sum of the
favourable performance of microalgae and the disadvantageous results of PLA were built for each
environmental aspect. These values were divided by the weighted frequency of analysing the specific
impact category. A high SQ indicated that microalgal products are advantageous over products based
on other biomass sources, while a high DQ highlight the aspects, where PLA has to be improved to be
environmentally competitive with fossil-based plastics. To evaluate the environmental potential of
microalgae as a feedstock for PLA, the aspects with a high SQ were compared with those having a high

DQ.

In the second review, a graphical analysis of the described extraction methods was used. Therefore, a
flow chart was drawn for each method and data on material as well as energy balances were added. For
each extraction method, the minimum and maximum value found in the literature was used for
generating the life cycle inventories. For the composition of the extracts, a tabular overview with the

literature values was build and mean values, as well as standard deviations, were calculated.

2.2 Life Cycle Assessment

The term “life cycle assessment” started being used from 1990 onwards and is currently understood as
a tool to evaluate the “potential environmental impacts [...] throughout a product’s life cycle from raw
material acquisition through production, use, end-of-life treatment, recycling and final disposal” (1ISO
14044, 2006: 5). The first series of 1SO standards addressing LCA was published between 1997 and
2000. These standards were replaced by 1SO 14040 and 14044 in 2006, which form the foundation of
current LCA methodology (Bjern et al., 2018c). The methodology used in this thesis is oriented to the
framework defined in the ISO standards but diverges in some points, which will be highlighted in the

next sections.
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2.2.1 Terminology and Key Concepts

2.2.1.1 Phases of an LCA

Goal and Scope Definition. The first step of an LCA study is the goal definition, which sets the purpose
of the study. The defined goal influences the decisions to be made in later phases of the LCA (Bjgrn et
al., 2018a). According to 1ISO 14044 (2006: 15-16), the goal of the study is defined by (i) the intended
use of the results, (ii) the reasons for conducting the LCA, (iii) the target audience, (iv) a statement
whether comparative assertions are intended to be disclosed to the public. To avoid the misuse of LCA
for promoting one product over another, the 1ISO standards oblige a critical review of comparative LCA
studies (Bjarn et al., 2018a).

The second step of the first phase of an LCA is the scope definition, which builds upon the previously
defined goal. The scope definition further determines aspects of conducting an LCA but also for
reporting and communicating the results. At this point, the object(s) of the LCA study are described as
well as the framework and choices made for the next stages. Moreover, data requirements are defined
and assumptions are stated. Resulting limitations of the study are also highlighted. Due to the iterative
approach, it is also possible that issues occurring later in the process lead to goal and scope adjustments.
(1SO 14044, 2006)

Life cycle inventory analysis (LCI). The second phase of an LCA consists of two main steps: data
collection and data calculation. For each process under study, information on all input and output flows
in terms of material, energy, emissions and products are collected. During data calculation, the collected
data is set into relation to the functional unit and the reference flow of the system. The functional unit
guantifies the function provided by the product under evaluation. The reference flow determines, what
is needed to fulfil the function. (ISO 14040, 2009)

Life cycle impact assessment (LCIA). In the third phase, the LCI results are used to calculate the
environmental impacts of the product(s). The LCIA includes three mandatory steps: (i) selecting the
impact categories, (ii) assigning the LCI results to the selected impact categories (classification) and
(iii) calculating the results (characterisation). (ISO 14040, 2009) Optional steps include normalization,
which sets the results of the characterisation stage into relation to a reference value (e.g. the emissions
per capita in a certain year), and weighting of the results at the characterisation stage to calculate a single
score (ISO 14044, 2006).

Life cycle interpretation. In the last phase, the findings of the LCI and LCIA are presented and analysed
in consideration of the decisions made and the limitations identified in the goal and scope of the study
(1SO 14040, 2009). The interpretation also includes uncertainty and sensitivity analysis, whose results

may lead to adjustments in the previous phases and a recalculation of the LCA (Hauschild et al., 2018).
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2.2.1.2 Inventory Modelling

Product System. Since a complete product system in LCA is complex as it consists of a high number
of different processes, product systems are divided into foreground and background system. All
processes, which are specific to the product system under study, belong to the foreground system. For
this part of the product system, the data is usually collected first-hand in the LCI phase. The remaining
processes, which are also involved in various other product systems, form the background system.
Typically, average industry data from LCI databases are used for modelling the background system.
(Bjorn et al., 2018b)

Multifunctional Processes. Multifunctional processes produce more than one output, which causes
problems for assigning the environmental impacts to one specific output. The ISO 1044 provides a
hierarchy of approaches to handle multifunctionality. Where possible, the multifunctional process
should be subdivided into individual processes. If alternative production ways for the co-products exist,
system expansion should be performed, which means that the alternative provision is integrated within
the system boundaries as avoided process or as an additional output of the system. If neither subdivision
nor system expansion is possible, the impacts can be assigned to single outputs by partitioning. These
allocations should be based on physical causality where possible, on a representative physical parameter
or on other factors like selling prices. (Bjarn et al., 2018b)

Modelling Frameworks. Two LCIl modelling frameworks exist, which differ in the question they
answer and the way the product system is built. Attributional LCA answers the gquestion which share of
the global environmental impacts can be attributed to the system studied. (Ekvall, 2020) Therefore, the
product system is analysed isolated from the economy and average market mixes are used for modelling
the background system. Typically, attributional LCAs use allocation approaches to solve
multifunctionality (Bjern et al., 2018b). In contrast, consequential LCA answers the question of how
global environmental impacts are changed by the production and use of the product studied (Ekvall,
2020). The product system includes the processes, which change due to the market responds to the
increased demand for the product assessed. In consequential LCA, multifunctionality is always solved

by system expansion if a subdivision is not possible. (Bjarn et al., 2018b)

2.2.1.3 Impact Assessment

Impact category. Impact categories describe specific environmental problems, e.g. global warming
and acidification (Guinée, 2015).

Characterisation factor. The characterisation factor describes how much a quantity of a substance
contributes to a specific impact category. Its value is based on scientific models representing the cause-
effect chain of the impact category. For all substances contributing to the impact category, the
characterisation factor is expressed in the same unit — often as equivalent to a reference substance.
(Rosenbaum et al., 2018)
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Midpoint and endpoint. The indicators of impact categories can be placed at different positions of the
cause-effect chain. Midpoint indicators are located early in the cause-effect chain, which increases the
measurability and scientific robustness of the characterisation factor at the cost of less relevance as the
indicator is not linked to the effects observed. The endpoint indicator is located at the end of the cause-
effect chain. Hence, it is characterised by a high relevance but lower measurability. Endpoint categories,
also called areas of protection, aggregate midpoint categories, since ultimately the cause-effect chains
of the downstream of the midpoint indicators convene in damages to human health, ecosystem quality

and resources. (Rosenbaum et al., 2018)

Perspectives. The calculation of characterisation factors incorporates uncertainties, assumptions and
choices made by the developers. Some LCIA methods group these underlying decisions and
uncertainties in three different perspectives. The individualistic perspective is short-term oriented and
only includes impacts, which are undoubted, and hypothesizes that future technologies can help to
overcome many problems. The hierarchist perspective includes all impacts in a timeframe for which
scientific consensus exists. The egalitarian perspective is long-term oriented and includes, based on the
precautionary principle, all impacts with available data. (Huijbregts et al., 2016)

2.2.2 Common Methodological Framework

2.2.2.1 Goal and Scope Definition

This work compares microalgal biorefineries with a reference system and identifies key parameters
influencing the environmental load of the microalgal biorefineries. The reasons for carrying out the
study are (i) advising researchers in the process development in the field of microalgal biotechnology
and (ii) recommending action on the governmental level to improve the environmental performance of
microalgal biorefineries. The target audience is hence the scientific community, especially researchers
on biotechnology and LCA of emerging technologies, as well as governmental institutions. The present
work includes comparative assertions, but no critical review as obligated was conducted. In this aspect,

this work deviates from the 1SO standard.

This work provides two deliverables: (i) values ranges for key parameters of the microalgal biorefinery
and (ii) a new approach for the LCA of emerging technologies. The object of assessment describes the
function of the system under study and, building on that, the functional unit as well as the reference
flow. This aspect is study-specific and is addressed in detail in Section 2.2.3 for study A and Section
2.2.4 for study B. Study A focuses on the cultivation of microalgae, while Study B, in addition to the
process steps of Study A, also includes extraction processes for various compounds of the microalgal
biomass. Figure 1 presents a simplified overview of the studied systems, how Study A and Study B are
related to each other and the research questions addressed by literature reviews and geospatial analysis.
Since the work aims to support decisions, a consequential modelling framework was chosen. Hence,

system expansion is used for multifunctional processes, which cannot be subdivided. System boundaries
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and representativeness of LCI data are individually described in detail for both studies. The impacts
assessed in both studies cover midpoint and endpoint categories. The limitations of the study caused by

decisions in the goal and scope definition are discussed in section 4.1, together with other limitations of

the study.
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Figure 1: Overview of the systems evaluated in study A and study B and their correlations with the research questions
defined previously. The additional flows occurring in Study B are indicated in bold.

2.2.2.2 Life cycle inventory analysis

To model the background system, the database ecoinvent 3.5 consequential was applied. Geographically
specific datasets were used, where available. Due to the better coverage of processes, German datasets
were preferred over Czech datasets. If no national dataset was available, data on the European level were
used. Where no other datasets were provided, global datasets were selected. Specific information on the

inventories of the foreground system is provided in section 2.2.3.2 and 2.2.4.3.
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2.2.2.3 Life cycle impact assessment

ReCiPe 2016 in the hierarchist version was used as LCIA method, as it provides characterisation factors
for both — midpoint and endpoint level - and is presently the most current, complete and accessible LCIA
method available. Version 1.03 of ReCiPe contains 18 midpoint categories, which are aggregated in

three endpoints (see Figure 1).

Midpoint Endpoint
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Figure 2: Overview of midpoint and endpoint categories considered in ReCiPe (based on Huijbregts et al. (2016))

In this work all the available endpoints within ReCiPe 2016 were analysed: human health, ecosystem
quality and resources, as well as available midpoint categories: global warming potential (GWP), ozone
layer depletion potential (ODP), ionising radiation (IR), photochemical oxidant formation potential,
human health (POFPHH), particulate matter formation (PMF), photochemical oxidant formation
potential, ecosystem quality (POFPEQ), terrestrial acidification potential (TAP), freshwater
eutrophication potential (FEP), marine eutrophication potential (MEP), human carcinogenic toxicity
potential (HCTP), human non-carcinogenic toxicity potential (HNCTP), land use (LU), mineral resource
depletion (MRD), fossil resource depletion (FRD) and water depletion (WD). Global warming potential
contributes to damages of human health and damages of ecosystems but has the same cause-effect chain

until its midpoint indicator. The same applies to water depletion. For photochemical ozone formation,
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the cause-effect chain to the midpoint differs for human health and ecosystem damages and thus, two

midpoint categories for photochemical ozone formation exist. (Huijbregts et al., 2016)

2.2.3 Study A: Integrated cultivation

2.2.3.1 System boundaries and functional unit

In study A, different scenarios of microalgae cultivation were compared based on a functional unit of
1 kg of dry disintegrated microalgal biomass to answer RQ3. Therefore, three integrated process designs
were benchmarked against the conventional cultivation of microalgae in open raceway ponds. In the
conventional scenario, supply mixes for heat (European mix) and electricity (German mix) were applied
together with industrially produced liquid CO; as carbon source and inorganic fertilizers as nutrient
source. For the integrated scenarios, the microalgal cultivation process was coupled with an anaerobic
digestion and co-generation unit. The combination with anaerobic digestion enables to partially or
completely cover the demand of the microalgae cultivation for heat, electricity, nutrients and CO, from
a burden-free source. Three process designs were evaluated: (1) biomethane co-generation covering the
heat and electricity demand of the microalgal cultivation process, (2) biomethane co-generation covering
the CO, demand of the cultivation process, (3) biogas co-generation covering the heat and electricity

demand (see Figure 3).

Four different substrates were assessed as the input of the anaerobic digestion: municipal biowaste,
sewage sludge, cattle and swine manure. The substrates are treated as waste products, hence they are
accounted as burden-free. Excess digestate replaces inorganic fertilizer, while excess electricity and heat
could be supplied to the grid or be used in potential downstream processes. In case of insufficient

nutrient or CO- supply, the conventional production chains were applied.
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Figure 3: Foreground system of the integrated process designs (based on Bussa et al. (2020))
2.2.3.2 Life cycle inventory

To model the foreground system of the conventional reference scenario, measured lab-scale data were

upscaled through expert opinions and literature values. The anaerobic digestion processes were built in
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SimaPro 9.0 based on LCls published by Jungbluth et al. (2007) and additional data from Mills (2015)
as well as Wendland and Attenberger (2009) for sewage sludge and Edelmann et al. (2001) as well as
German authorities (Landwirtschaftskammer Schleswig-Holstein, n.d.) for manure. The purification
process was constructed based on LCI data published by EMPA (2009), while the co-generation
process was taken from ecoinvent 3.5. The four considered substrates differ in their biogas potential
and distribution resulting in different transport distances assumed. The transport distances take into
account the distribution of substrate. Sewage sludge is occurring in large quantities at one location;
hence, it is assumed that the proposed production system would be located next to the urban
wastewater treatment plant (UWWTP). For the two manure scenarios, the lower swine density is
reflected in the transport distance. Table 3 summarises the key characteristics of each substrate
studied.

Table 3: Key characteristics of considered substrates (based on Bussa et al. (2020))

Nutrient content (g/kg digestate) Biogas
Transport . . .
. Average Minimum Maximum yield
distance
(m3/kg
(km) N P K N P K N P )
digestate)
Biowaste 30 0.0368* 0.0113* 0.035* 0.0168* 0.0052* 0.0164* 0.0678* 0.0240* 0.073% 0.140°
Sewage 0.046f
0 0.52° 0.70° 0.17°  0.0000¢ 0.0970Y 0.0260° 0.9500¢ 3.9440¢  0.5065°
sludge
Cattle 0.020°¢
10 1.74° 0.65¢ 3.24¢ 1.05° 0.35¢ 2.08° 5.24¢ 2.66° 9.38°
manure
Swine 0.022¢
30 2.45¢ 0.74¢ 1.99° 1.83° 0.35¢ 1.49° 4.46° 3.49° 6.89°
manure

2 Calculated, based on Jungbluth et al. (2007)

b Calculated, based on Wendland and Attenberger (2009)

¢ Calculated, based on Landwirtschaftskammer Schleswig-Holstein (n.d.)

d Calculated, based on Kiigler et al. (2004) and assuming dry matter content =5 %
¢ Calculated, based on Landwirtschaftskammer Niedersachsen (2006)

f Calculated, based on Mills (2015)

9 Calculated, based on Edelmann et al. (2001), dry matter content = 0.9%

2.2.3.3 Sensitivity analysis

Two sensitivity analyses were conducted. The first one focused on the sensitivity to fluctuating nutrient
contents and the second one the uncertainties of the process parameters in the foreground system. To
evaluate the sensitivity to the nutrient content, minimum and maximum nutrient content scenarios were
defined based on the ranges in Table 3. For the second sensitivity analysis, the uncertainties of the
process parameters were determined based on the Pedigree matrix provided by Ciroth et al. (2012). A
Monte-Carlo Simulation with 1000 runs compared each foreground system with each substrate against
the conventional scenario. A best and worst scenario for the most promising substrates and process

designs were retrieved considering the results of both sensitivity analyses.

2.2.4 Study B: Biorefinery
To answer RQ7 and RQ8, a parameterized reverse LCA methodology was developed in the python-

based LCA-software brightway?2. The developed code can be found in Appendix B.
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2.2.4.1 System boundaries

Building upon the answers of RQ5, the foreground system was designed with different production
pathways. As shown in Figure 4. the considered pathways are (A) separation of lipids from the
undissolved fraction of microalgal biomass by conventional extraction with ethanol, (B) separation of
lipids by supercritical CO2-extraction (SC-CO.-Extraction) with ethanol as optional co-solvent, (1)
isolation of proteins and polysaccharides through ultra- and diafiltration and (2) isolation through three-
phase partitioning (TPP) using tert.-butanol, ammonium sulphate and enzymes. Four different
biorefineries were assessed based on the possible combinations of the production pathways: system Al,
system A2, system B1 and system B2.

Cultivation

Harvesting

Supernatant

Path A Path B Path 1 Path 2
Solvent Sc-Cco, Membrane Chemical
Extraction Extraction Filtration Separation

Drying Drying

Drying

Figure 4: Overview of the production pathways considered in Study B (Bussa et al., 2021) To determine, which changes
in the upstream chains would foster the environmental performance of microalgal biorefineries, different
modifications of the background system were evaluated. Natural gas and wood chips were assessed as
heat source, while for electricity the market mix and a fully renewable mix were compared. As an
alternative to industrially produced CO,, CO.-rich flue gas, treated as a burden-free input, was analysed
(see Table 4: Scenario 1-8). Furthermore, the two most promising scenarios of Study A were included
in Study B (see Table 4: Scenario 9-10). Table 4 summarises the selected background systems for each

scenario.
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Table 4: Overview of considered background systems in Study B (Bussa et al., 2021)

Scenario Heat source Electricity source  Nutrient source Carbon source
1 natural gas market mix fertiliser liquid CO2

2 natural gas market mix fertiliser flue gas

3 natural gas renewables fertiliser liquid CO.

4 natural gas renewables fertiliser flue gas

5 wood chips market mix fertiliser liquid CO.

6 wood chips market mix fertiliser flue gas

7 wood chips renewables fertiliser liquid CO.

8 wood chips renewables fertiliser flue gas

9 biogas (sludge) biogas (sludge) sewage sludge biogas (sludge)
10 biogas (cattle) biogas (cattle) cattle manure biogas (cattle)

2.2.4.2 Reference products

The reference products were selected based on the results of RQ6. Since the fatty acid composition of
the lipid fraction extracted from C. vulgaris suggests its application in the cosmetic sector (Matos et al.,
2016; Otles and Pire, 2001; Tanzi et al., 2011; Vermaak et al., 2011), palm oil was chosen as the
reference product. The amino acid profile of protein extracts and their promising emulsification
properties enable the use of the protein extract as a surfactant (Kulkarni and Nikolov, 2018; Ursu et al.,
2014). Due to its high glucose content (Ortiz-Tena et al., 2016), the polysaccharide extract is a potential
substitute for maize as feedstock in the production of PLA. Unlike the other extracts, the substitution
ratio is not 1:1 but based on the glucose content. In a conservative estimate, 1 kg of algae-based
polysaccharides can replace 0.98 kg of maize. The insoluble residue can substitute animal feed, whereby
the replaced quantity depends on the energy and protein content of the residue. The substitution ratio is
hence flexible since the composition of the residue varies with the yields of the extraction processes and

was adjusted for each run according to the extraction yields.

2.2.4.3 Life cycle inventory and functional unit

38 input parameters with values ranges and further 13 fixed input parameters were used to calculate the
inventory of the foreground system. A quasi-random sampling approach was applied to compile a set of
4000 different input parameter combinations. A list of all input parameters, their values and literature

sources, as well as a detailed scheme of the foreground system, is provided in the Appendix.

The functional unit of the study was a product basket comprised of the (i) the dry mass of lipid extract,
(ii) the dry mass of protein extract, (iii) the dry mass of glucose in the polysaccharide extract, (iv) the
dry mass of protein in the residue and (v) the energy content (higher heating value) of the residue using

the Atwater factors (FAO, 2007). Since the composition of this basket varies on quantity level with
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changes in the input parameter, the basis of comparison is 1 kg of treated microalgal biomass as

reference flow.

2.2.4.4 Reverse analysis

In a first step, the LCIA results were screened for favourable runs, which were defined as runs that (i)
had at least a 10 % reduction of impacts compared to the reference system in all endpoints and (ii)
showed lower impact scores for GWP and FFD. The second step of the analysis focused on the systems
and background scenarios with favourable runs. To identify the differences between favourable and
unfavourable runs of the same system and scenario on midpoint-level, the average contribution of the
midpoint categories to the areas of protection was calculated for both types of runs. As next step, Sobol’
indices® were calculated for the midpoint categories with a lower average contribution in the favourable
runs to find the most influential parameters. For the favourable runs, the values of these key parameters
were compared to values found in the literature to gain insights on the current level of feasibility of the

favourable runs and to determine further research needs (see Chapter 5).

For each system and scenario further analysed, the LCIA results of three favourable runs were
exemplarily analysed in detail to demonstrate the environmental potential of microalgal biorefineries.
The selected runs were: (i) the run with the highest number of feasible input parameters, (ii) the run that
outperformed the reference system in most midpoint categories and (iii) the run with the highest global

warming reduction potential relative to the reference scenario.

2.3 Geospatial Analysis
To answer RQ4, a geospatial analysis of the model region was performed to assess the geographic
distribution of biological waste streams in the target region, which showed the potential to reduce the

environmental load of microalgae cultivation in the first life cycle assessment (Study A).

According to the Bavarian Ministry of Economic Affairs (n.d.), the Bavarian-Czech border region
consists of 16 Bavarian districts, seven independent cities enclosed by these districts and by the 17 Czech

districts of the regions Plzen, Karlovy Vary and South Bohemia (Figure 5).

2.3.1 Data sources

Spatial livestock density data provided by the Gridded Livestock of the World database of the Food and
Agriculture Organization of the United Nations was used to estimate the availability of swine and cattle
manure. The data collected by Gilbert et al. (2018a) and Gilbert et al. (2018b) form the basis for the
database for cattle and pigs respectively. The cell resolution of the database is 0.083333 decimal degree;

in the model region, this means that each cell accounts for an area of approximately 130 km?2.

1 Sobol* indices are a variance-based method for global sensitivity analysis quantifying how much of the output
variance can be explained by a certain input parameter Groen et al. (2017).
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The prediction of the geospatial availability of sewage sludge was based on data on location and capacity
of UWWTPs collected under the European Urban Wastewater Treatment Directive and provided by

Directorate-General for Environment and European Environment Agency (2017).
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Figure 5: Map of the model region on district level. Bavarian districts are shown in white, Czech districts in grey. (Bussa et
al., 2020)

2.3.2 Data evaluation

The substrate availability in the model region was analysed on district level since a more detailed
administrative level was only available for the German part of the model region. ArcMap 10.3.1 was
used to generate colour-coded maps showing the density of cattle and pigs as well as the distribution of
UWWTPs in the region under investigation. Average data for each district were calculated by spatially
joining the districts with the data on manure distribution and normalising the results by the area of the
district. Due to the point source characteristic of sewage sludge, circular subareas with a radius of 8 km
were assumed around each UWWTP for calculating the normalised sewage sludge availability per
subarea. The annual biogas potential of each substrate was calculated based on data from Edelmann et
al. (2001) for cattle manure, Déhler (2013) and EMPA (2009) for pig manure and Statistisches
Bundesamt and DWA-Arbeitsgruppe KEK-1.2 ,,Statistik* (2015) and Mills (2015) for sewage sludge.
This information was combined with the average substrate availability of each district and the biogas
requirements for the cultivation of 1 kg microalgae determined in the LCIs to obtain the integrated

microalgal cultivation potential for each district and subarea.
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2.3.3 Mapping of results
A colour-coded map indicating the potential of each of the 40 districts and their subareas in the model
region was developed. Therefore, five different categories were defined for classification of the annual

normalized microalgal cultivation potential.

Table 5: Classification of annual normalized microalgal cultivation potential

Maximal normalized annual output Potential for integrated microalgae cultivation
0-1.5 t/kma2yr very low potential

1.51-3.0 t/kmayr low potential

3.01-4.5 t/km2yr medium potential

4.51-6.0 t/km2yr high potential

6.01-7.5 t/kmayr very high potential

On district level, only the production potential based on the normalised manure availability was
considered, while for the subareas the normalized manure availability was added to the sewage sludge
availability for calculation of the production potential. Overlapping of subareas, which could potentially
lead to a higher annual output, was taken into account. Subareas were only indicated in the resulting
map if their maximal annual output was classified in a different category as the normalized output of the

district the subarea belongs to.
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3 Results

The next sections summarise the results of the submitted publications including the description of the
contribution from this thesis’ author and the graphical abstract. The publications are presented in order
of their preparation. All three publications are accepted and published. The full manuscripts, as well as

the permission letter of the publisher, are included in Appendix A.
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3.1 Publication |

Bussa, M., Eisen, A., Zollfrank, C., Rdder, H., 2019. Life cycle assessment of microalgae products.
State of the art and their potential for the production of polylactid acid. Journal of Cleaner Production
213, 1299-1312. https://doi.org/10.1016/j.jclepro.2018.12.048

The publication addresses the environmental potential of microalgae-based PLA by analysing and
comparing the strength of microalgal products and the weaknesses of PLA-based products by evaluating

available scientific literature.

Eight studies on microalgae were evaluated, the majority of them focusing on C. vulgaris. Due to the
concentration on the energetic use of microalgae and the uneven comparison of emerging technologies
on demonstration-scale with mature technologies on industrial-scale, the reviewed studies received
rather low significances scores and corresponding weights varied between 48 % and 55 %. Terrestrial
reference crops were mainly rape and soybean but palm, sunflower and pea were also found.
Environmental strengths of microalgal products were identified for terrestrial and freshwater
ecotoxicity, land use, human toxicity and photochemical oxidant formation. For acidification and marine
eutrophication, fewer promising results were found. Key drivers of the environmental performance of
the evaluated microalgal products were the high energy demand of cultivation and in studies analysing
energetic purposes the emissions occurring during combustion. The high environmental relevance of the
combustion process, which is not required for microalgae-based PLA, might lead to an underestimated

environmental potential especially for the global warming potential of microalgal products.

For PLA, twelve studies were evaluated which mainly focused on specific packaging applications. Two
studies focused on the general production of PLA. Most studies referred to the dataset for PLA granulate
included in the ecoinvent database, which is based on corn as raw material. Few studies evaluated sugar
cane, maize and cassava as feedstock for the production of PLA. Fossil-based polymers considered as
reference product were to a large extent polystyrene and polyethene terephthalate. The weight factor of
the studies varied between 55 % and 94 %. The higher significance of the reviewed studies is partly
contradicted by the fact, that most studies are based on the same database which inventory is built on
the data provided by only one company and not on an industry average. Main environmental weaknesses
found for PLA were ionising radiation, respiratory effects, human toxicity, acidification, eutrophication,
terrestrial ecotoxicity, energy demand, land use, water consumption as well as metal and mineral

depletion.

Compared to the strength identified for microalgae, many of the environmental weaknesses of PLA
could potentially be improved by microalgae as feedstock (see Figure 6) and it is worth further

investigation.


https://doi.org/10.1016/j.jclepro.2018.12.048
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Figure 6: Graphical abstract showing the environmental potential of microalgae as a feedstock for PLA (Bussa et al., 2019)

The author of this thesis identified the research topic and prepared the concept for the publication. She
developed the methodology for the literature review, screened the publications, analysed the data and

visualised the findings. She wrote the manuscript and was responsible for the review process of the

publication.
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3.2 Publication 11

Bussa, M., Zollfrank, C., Réder, H., 2020. Life-cycle assessment and geospatial analysis of integrating
microalgae cultivation into a regional economy. Journal of Cleaner Production 243, 118630.
https://doi.org/10.1016/j.jclepro.2019.118630

The publication focused on the microalgae cultivation process and how its environmental load could be
reduced by a better integration into the economy of the model region through the utilisation of co-
product streams. Therefore, a comparative LCA was conducted in the first stage, followed by a

geospatial analysis of the most promising co-products.

All integrated scenarios outperformed the conventional reference system on endpoint level. On midpoint
level, the integrated scenarios showed significant reductions regarding global warming potential and
fossil resource depletion. The manure scenarios partly contradicted the improvements by a considerable
increase of terrestrial acidification potentials caused by the ammonia emissions occurring during
anaerobic digestion. For all substrates, the results showed that the more carbon dioxide coming from a
conventional source is replaced by carbon dioxide separated in the purification unit the better is the
environmental performance of the system. In terms of human health damages, the best results were
found for swine manure followed by sludge, cattle and far behind biowaste. For ecosystem quality, the
most favourable results were shown by sewage sludge, followed by manure, where swine manure had
slightly better results than cattle manure. The cattle manure scenarios reduced the resource consumption

the most, due to their higher nutrient content.

The analysis of the sensitivity to nutrient contents showed, that even the minimum scenarios were
favourable compared to the reference scenario. The order of preferable process design was not affected
by fluctuations in the nutrient content, while the ranking of substrates might change. The sensitivity
analysis regarding uncertainties of process parameters indicated, that biowaste had a considerable risk
of worsening the damages to human health and ecosystem quality. Hence, biowaste was not further
geospatially analysed. For sewage sludge, the geospatial analysis showed a higher concentration of
UWWTPs in the German area of the model region, while the majority of the UWWTPs with high
capacity were found in Czech part. The German districts were also characterised by a higher cattle
density than the Czech districts. In both countries, the densities were higher in the southern than in the
northern districts. High densities of pigs were only found in the south-western districts of the German
part of the region. On both sides of the border, high integrated cultivation potential were found in urban
regions with high-capacity UWWTPs. Good potential in rural areas was found for districts with high
livestock densities, which were concentrated in the southern German area of the region under study (see

Figure 7).


https://doi.org/10.1016/j.jclepro.2019.118630
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Figure 7: Graphical abstract showing the potential for integrated production in the model region. The circles indicate an
increased potential in the surroundings of UWWTPs. (Bussa et al., 2020)

The author of this thesis identified the research topic and prepared the concept for the publication. She
developed the methodology for the study, collected the LCI as well as the geospatial data, was in charge
of the modelling in the applied software programs as well as for evaluation and visualisation of the

results. She wrote the manuscript and led the review process of the publication.
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3.3 Publication 111

Bussa, M., Zollfrank, C., Réder, H., 2021. Life cycle assessment with parameterised inventory to derive
target values for process parameters of microalgae biorefineries. Algal Research 57, 102352.
https://doi.org/10.1016/j.algal.2021.102352

Aim of the publication was to define requirements, which need to be fulfilled to ensure an
environmentally competitive microalgal biorefinery and to derive target values for key parameters of
the evaluated biorefinery processes. Therefore, a new methodology was developed with an additional

reverse analysis of the output of the uncertainty analysis (see Figure 8).

The results showed that membrane technology is from an environmental perspective more
recommendable for the separation of proteins and polysaccharides than TPP. The main reason for the
poor performance of TPP was the environmental burden of the production of the required enzymes. The
SC-CO;, extraction showed better results for the extraction of lipids than conventional extraction with
ethanol but favourable runs were found for both technologies. In terms of background systems, only the
integrated scenario with sewage sludge (scenario 9) and the scenarios with renewable electricity mix,
wood chips as a heat source and flue gas as carbon source (scenario 8) had favourable runs. In total,
1270 positive runs were identified: 428 for system Al with scenario 9 (A1_9), two for system B1 with
scenario 8 (B1_8) and 849 for system B1 with scenario 9 (B1_9). The favourable runs of system Al_9
were characterised by a maximum GWP and FFD reduction of 305 % and 705 %, and less than four of
the 13 identified key parameters were beyond the scope of the literature values. Most critical parameters
were the specific heat consumption of the drying process and the solubility of proteins. The favourable
runs of system B1_8 had a maximal GWP and FFD reduction of 134 % and 26 % respectively. In both
runs, three of the eleven key parameters were currently not feasible. The specific heat consumption of
the drying process was the most critical parameter, followed by the amount of water added to the
diafiltration step. The favourable runs of system B1_9 showed a maximal GWP and FFD reduction of
398 % and 1°083 %. Not more than four of the nine key parameters were beyond the scope of the
literature values, mainly combinations of non-feasible values for the specific heat consumption for
drying, the water added to the diafiltration step, the recovery of proteins and their solubility. The results
show that the proposed microalgal biorefinery can only be environmentally recommendable if certain
requirements are met: (i) renewable energy sources (ii) a burden-free carbon source, and (iii)
technological improvements in drying, disruption and membrane filtration. Out of the currently
available drying technologies, flash drying is the most energy-efficient, while high-pressure
homogenization and bead milling are most likely to dissolve 50 % of the proteins consuming less than
5 kWh/kg dry weight in the near future. For membrane filtration, a protein recovery of at least 70 % is
required. The high influence of the specific heat consumption in the cultivation process makes only the

seasonal cultivation recommendable in the Bavarian-Czech border region.


https://doi.org/10.1016/j.algal.2021.102352
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Figure 8: Graphical abstract summarising the developed methodological approach (Bussa et al., 2021)

The author of this thesis identified the research question and prepared the concept for the publication.
She developed the methodology and translated it into python-code for the implementation in
brightway2. She conducted the literature analysis to build the product system and corresponding

inventories as well as the analysis and visualisation of the results. She wrote the manuscript and guided
the review process of the publication.
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4 Discussion

LCA isaclearly structured, comprehensive tool enabling to quantify the environmental load of products,
the identification of hot spots and their key drivers as well as the detection of burden-shifting. However,
there are drawbacks of the methodology itself as well as of its application in this work, which affect the
significance of the results. These issues and their influence on the findings are discussed in chapter 4.1.
A critical analysis of the results concerning the potential of microalgae biorefineries as part of a
sustainable economy are presented in section 4.2. Therefore, the findings are discussed in the broader
context of the SDGs.

4.1 Methodological discussion

The main weakness of LCA as a tool for environmental assessments is that the results serve as indicators
for relative — not absolute - environmental sustainability. Hence, LCA allows to draw conclusions on
which product is more favourable than another from an environmental perspective, but a more
favourable product is not necessarily sustainable enough to stay within the carrying capacity of the
ecosystems. Recent initiatives in LCA work on a link between carrying capacities of ecosystems and
LCA results: The quantification of several planetary boundaries (Steffen et al., 2015) evolved in
normalization factors and characterisation factors based on the carrying capacities (Bjarn and Hauschild,
2015; Bjarn et al., 2016; Ryberg et al., 2018). The planetary boundaries are defined on a global scale;
for their application as absolute sustainability measures in LCA studies, they need to be allocated to
economies and single products produced in these economies. Lucas et al. (2020) compared different
allocation principles — grandfathering, equal per capita and ability to pay — which led to different results.
Ryberg et al. (2018) used the economic value of a product for assigning the share of the safe operating
space to the system under study. As for multifunctional processes in LCA, the selection of an allocation
principle is a value choice and in case of the planetary boundaries involves also ethical components.
This work evaluated an emerging technology, whose future role in the economy is highly uncertain.
Hence, there is no foundation for allocating planetary boundaries to the assessed system and a
conventional LCA focusing on relative sustainability was conducted. For a critical evaluation of the
biorefinery concept, the results are contrasted with the normalization factors based on ecosystems’

carrying capacities to qualitatively discuss the hotspots in chapter 4.2.
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Other important issues are the research gaps in LCIA methods. These gaps can be broadly classified in
three different groups: (i) missing impact categories, (ii) immature cause-effect chains and (iii) non-
consideration of combinatory effects, which can occur between substances and impact categories in
either enhancing or alleviating ways (Hauschild and Huijbregts, 2015). Impact categories, which should
be evaluated with caution, are the toxicity-related impact categories due to lacking characterisation
factors for many substances and high uncertainties for available characterisation factors as well as land
and water use, where the cause-effects chains are incomplete. Immature cause-effect chains mainly
occur in the form of missing characterisation factors, non-accounting of spatial differences or incomplete
coverage of effects. (European Commission-Joint Research Centre - Institute for Environment and
Sustainability, 2011; Hauschild and Huijbregts, 2015)

Current LCA standards and recommendations focus on the ex-post application of LCA. The ex-ante
application for guiding the development of new technologies faces specific challenges. Van der Giesen
et al. (2020) identified the modelling of consistent future foreground and background inventories as
main issues. One related critical aspect is the point of time the system is modelled for. This work assumes
that microalgal biorefineries for the production of commaodities can be operational in the short- to mid-
term future. The problem of modelling the future foreground inventory was circumvented by the
development of a parametrised inventory and the reverse analysis. The issue of modelling the future
background system was addressed by scenarios. However, technology changes in the background and
reference system, for example for copper mining, were not considered. As the temporal scope of the
study is defined as the short-to-midterm future, it is assumed that the most recent datasets for the

background and reference systems remain valid.

The specific limitations of this work are found in the scope of the study, the inventory modelling and
the reverse analysis methodology. The first limitation of the work is the cradle-to-gate approach which
excluded parts of the life cycle. This choice was made since the outputs of the biorefinery system are
mainly interim products, which should substitute other inputs in the production of final goods. A broad
variety of final goods could be developed with microalgal interim products and it is unlikely that the
production, use and disposal of the final goods are subject to large changes caused by the substitution.

Therefore, it was regarded as valid to exclude these life cycle stages.

The second limitation is the binational character of the target region, which affected the background
system modelling. For most processes, the datasets were only available on European or global scale,
however, the electricity mix is country-specific and its environmental impacts vary significantly for both
countries. The higher substrate availability in the German part of the model region justified the focus on
the German electricity mix in Study A, while the findings of Study B revealed that a renewable
electricity mix is required for an environmentally favourable microalgal biorefinery. The use of flue gas

as an alternative carbon source as well the substrates used for anaerobic digestion were assumed burden-
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free since they are unwanted co-products of other processes. This assumption remains valid as long as
these substances are unconstraint. The inventory is further based on the assumption, that flue gas as a
carbon source and digestate as a nutrient source do not alter the growth rate of and composition of the
microalgal biomass. The assumption was justified by the findings of Lu et al. (2018), who showed that
biogas as carbon source and anaerobic concentrate from sludge had no negative effect on the growth
rate of a chlorella like microalgal strain nor on the lipid content and Douskova et al. (2010), who neither

found negative results of using flue gas as carbon source on the growth rate of Chlorella sp.

Applying the proposed methodology for the reverse analysis of LCA results to the biorefinery concept
showed, that the high amount of input parameters with partly large ranges of possible values only allows
defining target ranges for each input parameter and not a fixed threshold value as a selected value for
one parameter affects the acceptable range for the remaining parameters. The derived target ranges allow
identifying key parameters, which should be addressed in further research, and to determine orders of
magnitude for target values of the input parameters. However, a process with all parameters within their
target ranges might still show an unfavourable environmental performance. For more precise results, it
is necessary to fix or further narrow the ranges of the input parameters. The way how the methodology
was coded in brightway?2 allows rerunning the program with few adjustments when more parameters

are fixed or their ranges are narrowed.

4.2 General discussion of results
The results of LCA studies are reflected in several SDGs. In the following section, the potential of the
proposed microalgal biorefinery to contribute to reaching the SDGs is examined in a general context

and the specific context of the Bavarian-Czech border region.

SDG 13 addresses climate action and the required reduction of GHG emissions, which is one of the
environmental problems where the planet’s carrying capacity is exceeded the most (Bjgrn and
Hauschild, 2015). Previous LCA studies on microalgae found predominantly disappointing results for
the potential of microalgae to reduce GHG emissions. Lardon et al. (2009) identified the energy demand
of production as well as the combustion process as main contributors to the unfavourable GWP of
microalgal biodiesel. These results were confirmed by Collet et al. (2011) for algal methane. In the study
of Soratana and Landis (2011) on microalgal biodiesel, the GWP results were dominated by the energy
demand. The results of this work also indicated that favourable results for GWP with current
technologies and non-renewable energy sources are not feasible. A reduction of the GWP by utilizing
renewable energy sources came at the cost of burden-shifting to other impact categories like land use
(wood chips, sewage sludge, cattle manure), PMF (wood chips, cattle manure) or ecotoxicity (renewable
electricity mix). Furthermore, alternative carbon-sources are necessary, since the provision of
industrially produced carbon dioxide causes already GHG emissions in the order of magnitude of the

GHG emissions of the complete reference system.
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For SDG 6, which addresses sustainable freshwater management, the European Union including the
Czech Republic and Germany, show a sound development (Sustainable Development Solutions
Network and Institute for European Environmental Policy, 2019). However, the water quality of
freshwater bodies and increasing water stress in Northern Europe remain issues (European Commission,
2019). The literature review on LCA studies showed, that in contrast to statements in Brennan and
Owende (2010) microalgae have a higher water footprint than terrestrial crops. The results of this thesis
showed that the high N-demand of the microalgae is the key driving force for water consumption. For
an output of 1 kg microalgae (dry weight), between 0.09-0.17 kg N is required (Spruijt et al., 2015),
which is a thousandfold higher than the average use of nitrogen fertiliser per kilogram output of
terrestrial crops in the European Union (Food and Agriculture Organization of the United Nations,
2019a, 2019b). With the use of waste streams as nitrogen source, a considerable reduction of the water
footprint is possible. The integrated scenarios (A1_9 and B1_9) further allowed reduced emissions of
substances affecting the water quality, but at the cost of lower feasibility considering current technology
(A1_9) and a lower reduction of GHG emissions (A1l 9 and B1_9). The stand-alone scenario (B1_8)
showed adverse effects on water quality, mainly caused by waterborne emissions related to copper
production for wind turbines outside of Europe. On a global scale, water depletion is outside of the
carrying capacity of the planet, while in Europe freshwater eutrophication is considerably higher than

the carrying capacity and freshwater eutrophication is close to the limit (Bjern and Hauschild, 2015).

Air pollution and its effect on human health are addressed in SDG 11 aiming to foster sustainable cities
and communities. Emissions, which cause human health damages, are assessed in several individual
impact categories in LCA: damages of the respiratory tracts are covered by PMF and POFPHH, diseases
caused by the inhalation and ingestion of toxic chemical are addressed by HCTP and HNCTP, while
diseases caused by radionuclide emissions and the increase of UVB radiation are considered in IR and
ODP respectively. The literature review indicated promising results for respiratory effects and human
toxicity, but poorer performance concerning ODP and IR. The results of this work support the adverse
effects on human health. The higher IR score is predominantly caused by the share of nuclear energy in
the Chinese electricity mix used for manufacturing solar modules for the renewable electricity mix as
well as by the global use of nuclear energy in the supply chain of the required infrastructure. The
unfavourable results in terms of ODP are caused by the high energy demand of the biorefinery. As the
control variable for ozone depletion is within the safe zone of the planetary boundaries (Steffen et al.,
2015), ODP is currently an impact category of minor importance. The integrated scenario showed lower
respiratory effects, while a reduction of human toxicity is only possible at the cost of a lower GWP

reduction. Only the stand-alone scenario had favourable results for PMF.

SDG 12 deals with sustainable production and particularly resource consumption and is consistent with
the avoidance of overexploitation emphasised by the Directorate-General for Research and Innovation

(2014) as a mandatory requirement for biomass sources in a sustainable bioeconomy. None of the
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previous LCA studies on microalgae reviewed found favourable results for impact categories associated
with resource depletion. This work supports the findings that with current energy and carbon sources
microalgal biorefineries are unable to reduce resource consumption. The integrated scenarios showed
that a simultaneous reduction of FFD and MRD is possible but at the cost of lower GWP reduction and
current feasibility. For the stand-alone scenario, a moderate reduction of FFD is possible but the
depletion of mineral resources more than doubles due to the copper required for the production of wind

turbines.

The focus of SDG 14 lies on the protection of marine ecosystems, which is currently covered in LCA
by MEP and METP. Lardon et al. (2009) analysed the marine impacts of microalgal and found
unfavourable results for ecotoxicity. Jez et al. (2017) showed that eutrophication impacts are reduced
while ecotoxicity impacts increased. The reduction of eutrophication impacts on marine ecosystems was
confirmed by this work. For ecotoxicity, it was found that only integrated scenarios can lead to a
reduction. The main reason for the unfavourable results of the stand-alone scenario for marine
ecotoxicity are the waterborne emissions of copper and zinc occurring in the treatment of waste from
copper production required for wind turbines and treatment of wood ash related to the use of wood chips
as the heat source. Another important indicator for the health of marine ecosystems is marine
acidification, which is not covered by current LCA methods. The key driver of marine acidification on
a global scale is dissolved CO,, while in coastal areas and marginal seas the emissions of acidifying
substances are important as well. (van Zelm et al., 2015) The known drivers allow drawing qualitative
conclusions for the marine acidification potential of the evaluated microalgal biorefinery concepts. The
integrated scenarios with sewage sludge are characterised by reduced GHG emissions and by lower
emissions of acidifying substances. It is hence most likely that the potential for marine acidification is
also lower than the reference system’s one. For the stand-alone scenarios the GHG emissions are reduced
as well, but the emissions of acidifying substances increase due to the emissions of the wood chips
combustion. Since these substances would be submitted in the landlocked model region, the marine

acidification potential would likely decrease.

The terrestrial ecosystem quality is covered by SDG 15 and is represented in ReCiPe by POFPEQ, TAP,
TETP and LU. Bjgrn and Hauschild (2015) calculated that the formation of photochemical ozone
exceeds the carrying capacity of the planet, while the remaining impact categories are within the limits.
However, land use is close to exceeding the limit in Europe. Previous studies found a high potential of
microalgal products to have favourable results in TETP and a certain potential for TAP and LU. This
work showed that a reduction of land use is only possible with the integrated scenarios since wood chips
as the heat source of the stand-alone scenario increased the area of land required. The integrated
scenarios were also able to reduce photochemical oxidant formation and acidification impacts, while a

reduction of ecotoxicity came at the cost of lower feasibility and a decreased GWP reduction. The stand-
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alone scenario did not show any improvements for these impact categories. Main causes are the

emissions occurring in the production of wood chips and wind turbines.

The main emissions of the microalgal biorefinery occurred in the background system and hence, the
damages and benefits are shifted spatially elsewhere. Besides, the emissions of the microalgal
biorefinery system do not occur in the same location as the emissions of the reference system. For these
reasons, the impacts of the biorefinery and the reference system can mainly be offset against each other
on a global scale. On a global scale, humanity is exceeding the carrying capacity limits of GWP, POFP,
LU, in terms of soil erosion, and water depletion (Bjarn and Hauschild, 2015). Significant improvements
for these impact categories were found for the integrated scenarios. Positive impacts in the target region
could be achieved by the use of sewage sludge as a nutrient source. The increasing amount of accruing
sewage sludge in Europe is a significant challenge for its management (Cieslik et al., 2015; Kliopova
and Makarskiené, 2015). In Germany, sewage sludge is predominantly incinerated, which is only
energetically self-sufficient if the dry matter content is high (Eurostat, 2019b; Wiechmann et al., 2012).
In the Czech Republic, sewage sludge is mainly applied as fertilizer and thereby contributing to the
nitrogen surplus of Czech soils (Eurostat, 2019a, 2019b). In 2018, 28 % of the logging in Germany took
place in Bavaria (Statistisches Bundesamt, 2020), while 22 % of the logging in the Czech Republic
occurred in the three districts under study (Czech Statistical Office, 2020). Hence, it is assumed that the
wood chips used in the stand-alone scenario were produced in the target region. The emissions of the
production and combustion of the wood chips increase the environmental impacts of the stand-alone
scenario in the target region, even though for fine particulate matter the biorefinery is on a global scale

preferable over the reference system.
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Table 6: Impact of the most favourable microalgal biorefinery scenarios on SDGs in the target region and globally and their
status based on current performance and trend. Performance indicated by colour: ~ challenges remain, e significant
challenges remain, e major challenges remain. Trend indicated by arrow: 1 on track, 7 moderately increasing, —, stagnating,
v, moderately decreasing, | decreasing, -- data not available

SDG Focus Status Status Global Integrated Stand-alone
in in Status® (A1 9and B19) (B1.8)
DE? cz? Region  Global Region Global
6 freshwater
7 !
ecosystem
11 human
7 l v
health
12 resource
- 7 —
consumption
13 climate
! T T
change
14 marine
7 — 1 7
ecosystem
15 terrestrial
T 7 ! !

ecosystem

a Sustainable Development Solutions Network and Institute for European Environmental Policy (2019)

b global average, calculated based on Sachs et al. (2019)

Table 6 summarises the performance of the microalgal biorefinery in the relevant SDGs. At a global
scale, major challenges with a stagnating trend remain for SDG 14, while in the target region SDG 13
is especially threatened. For both goals, the integrated scenarios showed significant improvements and
the stand-alone scenario at least moderate improvements. Furthermore, moderate improvements in SDG
12 were identified for the integrated scenarios; a goal where major challenges persist for Germany. The
integrated scenarios lead to at least moderate improvements in all reviewed SDGs and a positive impact
on the terrestrial ecosystem in the target region, while the stand-alone scenario only reveals
improvements for two of the six evaluated SDGs and has negative impacts on the terrestrial in the target
region as well on the health of the population. When these results are placed into relation to the
environmental weaknesses found for terrestrial plant-based PLA, it can be derived that only the
integrated scenario showed a significant potential to improve the environmental competitiveness of PLA

compared to fossil-based polymers.
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5 Conclusion

This work aimed to evaluate under which conditions microalgal biorefineries for the production of PLA
and commaodity chemicals in the Bavarian-Czech border region are environmentally favourable over a
reference scenario with plant- and oil-based products. The focus of the research was on lowering the
impact on endpoint level with special attention being paid to mitigating climate change and reducing
fossil fuel consumption while minimising burden-shifting to other impact categories currently

considered as less important.

To fulfil the goal, further development of the life cycle assessment methodology was required. The
developed approach builds upon a parameterised inventory and the reverse analysis of LCIA results of
quasi-random inventory samples. This approach allowed to identify key parameters to optimize and their
required value ranges. Thereby, the method opens up new possibilities for applying LCA in the

development stage of emerging technologies.

Based on the further enhanced life cycle assessment approach it can be concluded that the full benefits
of microalgae cannot be harnessed in the target region. Due to the seasonal climatic variations in the
border region, year-round cultivation is heat-demanding and environmentally not recommendable. The
results further revealed that under current conditions the seasonal operation of the proposed biorefinery
is neither environmentally recommendable. The LCA of the quasi-random parameter samples and the
reverse analysis of the results allowed to identify two promising scenarios in which the microalgal
biorefinery could reduce the global GHG emissions and fossil fuel dependency. Both scenarios were
characterised by common requirements: (i) burden-free carbon source, (ii) renewable energy sources,
and (iii) technology improvements. In the stand-alone scenario, the combination of SC-CO, extraction
for lipids and membrane filtration for the separation of proteins and polysaccharides was preferable over
any other combination of pathways. For the integrated scenario, also the combination of conventional
extraction and membrane filtration showed good results. Fewer trade-offs were identified for the
integrated scenarios than for the stand-alone scenario, hence, the integrated scenario is preferable over
the stand-alone one. The required technology improvements for the integrated scenario are: (i) energy-

efficient drying technologies with a heat demand below 5 MJ per kg of water evaporated (ii) disruption
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methods, which dissolve at least 50 % of the proteins and consume less than 5 kWh electricity per kg
microalgae, (iii) improved protein extraction yields of at least 70 % for membrane technologies with a

volume ratio of water added to the diafiltration process and filtrate below 3.

To integrate microalgal biorefineries successfully in the future bioeconomy in the Bavarian-Czech
border region, further research is necessary, to address the questions raised in this work. The following

research topics would be of particular interest:

a) Economic feasibility of the proposed biorefinery

b) Direct and indirect labour market effects of the proposed concept

¢) Influence of digested sludge as nutrient source on the biochemical composition of the microalgal
biomass and the consequences on the potential fields of applications of the microalgal biomass

d) Properties of PLA made from microalgal polysaccharides

e) Innovative energy-efficient drying technologies, which do not alter the properties of the extracts

f) Cell disruption methods with high solubility of proteins, but low electricity consumption

g) Membrane filtration with a high protein recovery, low water and electricity demand

h) Absolute sustainability

For research topic a) the method developed in this work could be applied with economic data to identify
under which conditions the proposed biorefinery concept is economically feasible. A comparison of the
derived value ranges for economic feasibility and environmental advisability and their intersections

would give more holistic insights into the potential of the microalgal biorefinery concept.
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each study. The results suggest that microalgae could potentially reduce several of the major environ-
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Microalgae terrestrial ecotoxicity, which could result in environmental advantages of microalgae-PLA blends over
PLA conventional plastics. For eutrophication, human toxicity, photochemical oxidant formation and acidi-
Cyanobacteria fication lower amelioration potentials were identified. For the remaining impact categories, the results
Pedigree matrix showed no enhancement or even the risk of worsening the environmental performance of polylactic
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1. Introduction

In 2012, the European Commission announced the European
bioeconomy strategy and action plan to promote five cross-
sectional objectives: ensuring food security, managing natural re-
sources in a sustainable manner, reducing dependence on non-
renewable resources, mitigating and adapting to climate change
as well as creating jobs and maintaining European competitiveness
(European Commission, 2012). The gap between the demand for
and supply of biomass was identified as one of the main barriers to
the economic transition. Considering current usage and harvest
practices, there is not enough arable land to meet the expected
demand in the future. There are three problems that have to be
solved in order to overcome the barrier of a shortage of biomass:
firstly, enough biomass needs to be produced whilst at the same
time ensuring that resources are not overexploited. Secondly,
greenhouse gas emissions caused by biomass production and the
related land use changed inevitably have to be reduced. Thirdly, the
production pathways for biomass need to be economically
competitive (Standing Committee on Agricultural Research and
European Bioeconomy Panel, 2014).

Microalgae, including cyanobacteria, offer a potential for closing
the gap between biomass demand and supply and are thereby a
valuable feedstock for the transition towards a sustainable bio-
economy (Brennan and Owende, 2010). An increasing demand for
biomass can be satisfied by microalgae due to their exponential
growth rates and the possibility of year-round production. More-
over, microalgae require less land than terrestrial crops, thus
avoiding land competition with food plants as well as the envi-
ronmental impacts of land-use change. Other advantages of
microalgae are the possibility of using waste streams as nutrient
sources and the biofixation of waste carbon dioxide. Moreover, no
pesticides and herbicides are required to grow microalgae, thus
reducing their environmental impacts of microalgae cultivation
compared to terrestrial plants (Brennan and Owende, 2010).

Algae could potentially serve as feedstock for a variety of mar-
kets, which differ in their volume and value. The energy and
bioremediation market has the highest volume, but a low value. At
this point in time, algal products are not economically competitive
in this sector. Other potential markets are the chemicals and ma-
terials industry, the food and feed sector and the pharmaceuticals
and personal care industry, listed in descending order in terms of
their market volume and in ascending order in terms of their
market value (van der Voort et al.,, 2015). Bio-based chemicals,
pharmaceuticals, plastics and rubber displayed the second highest
value added per person of all sectors in the European bioeconomy
from 2008 to 2015. This was considerably higher than the value

added in the liquid biofuel sector (European Commission, 2018).
Since value creation is one of the indicators for economic
competitiveness (van Schoubroeck et al., 2018), the bio-based
chemicals, pharmaceuticals, plastics and rubber sector is attrac-
tive for the placement of microalgae-based products.

Cyanobacteria are recognized as a promising source for the
pharmaceuticals market because of their primary and secondary
metabolites (Cheel et al., 2017). Lipopeptides belong to the group of
biosurfactants and are metabolites of special interest due to their
antifungal and antibiotic properties. E.g., lipopeptides have shown
the potential to exhibit antimicrobial action against multi-drug
resistant strains. Thus, antibacterial agents based on lipopeptides
could be a solution for the increasing resistance of microorganisms
against existing drugs (Banat et al., 2010). Furthermore, lip-
opeptides have antiadhesive properties. They can be used together
with catheters and other medical insertional materials in order to
decrease the biofilm growth rate on the materials and thereby
reducing the number of hospital-acquired infections (Singh and
Cameotra, 2004). However, the fraction of lipopeptides in cyano-
bacterial biomass is low (Cheel et al., 2017). Hence, a large-scale
production of lipopeptides would lead to high waste flows of the
remaining biomass. To foster the environmental and economic
sustainability of lipopeptides from cyanobacteria, this paper pro-
poses using the residue as feedstock for the production of polylactid
acid (PLA).

In 2014, the global bioplastics production capacity was 1.7
million tonnes, which is predicted to rise to 9.2 million tonnes by
2021, PLA is expected to be the leading bio-based and biodegrad-
able biopolymer (Institute for Bioplastics and Biocomposites, 2017).
Plants such as corn and potatoes can serve as a feedstock for the
production of PLA. The properties of PLA are comparable to fossil-
based polymers such as polypropylene (PP), polyethylene tere-
phthalate (PET) as well as polystyrene (PS), resulting in a wide
range of possible applications (Castro-Aguirre et al., 2016). It is
mainly produced for packaging applications, textiles, consumer
goods as well as for applications in agriculture and horticulture
(Institute for Bioplastics and Biocomposites, 2017). Moreover, it is
an interesting material for medical applications due to its
compatibility with the human body (Castro-Aguirre et al., 2016).

A LCA on PLA with a fraction of cyanobacteria as feedstock has
not yet been conducted to our knowledge. Thus, this paper aims to
investigate the potential reduction of environmental impacts of PLA
production by proposing a multiple output system that produces
lipopeptides and microalgae-based PLA. Therefore, this paper an-
alyses the potential of algal biomass to improve the environmental
performance of PLA based on a literature review. In addition, the
current use of LCA for bio-based products is critically evaluated. A
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possible process model for the economically competitive produc-
tion of microalgae-based lipopeptides and PLA is proposed and the
critical point determining the environmental performance of the
proposed system are identified.

2. Materials and methods

The literature review approach of Fink (2013) was used to re-
view the state of the art of LCAs and to identify environmental
strengths and weaknesses of microalgae-based products and PLA.
Fink proposes selecting the databases and websites to be used and
specifying the search terms after the research questions have been
defined. The literature should then be screened based on practical
and methodological criteria that have been defined beforehand.
The last step is to analyse and synthesise the findings. The sche-
matic procedure for the literature review is shown in Fig. 1.

2.1. Databases, websites, and search terms

The Elsevier (www.sciencedirect.com), Springer (www.link.
springer.com) and Wiley (www.onlinelibrary.wiley.com) data-
bases were used to search for publications. If meta-studies were
found in the research, a backward search was conducted to find the
original articles. The search terms used were LCA combined with
algae or PLA respectively.

2.2. Screening criteria

This review includes journal papers written in English and
published after the ISO norms in 2006. With microalgae-related
articles, papers with a clearly defined geographic scope outside of
Europe as well as life cycle assessments of marine and macroalgae
were excluded since cyanobacteria cultivation will take place in
freshwater. Furthermore, studies on microalgae used for waste-
water treatment were omitted. Only comparative assertions of PLA
and fossil-based polymers underwent further screening for PLA.
Moreover, studies that assessed PLA blends without providing re-
sults for pure PLA products were not included in the review. In both
cases, studies focusing on product footprints were omitted from the
further analysis. Studies rephrasing already included LCA results
were excluded since they do not offer any new information.

2.3. Analysis and synthesis
Eight articles satisfied the previously defined requirements for

microalgae and 12 for PLA. These articles were analysed in a
descriptive manner. The focus of the analysis was on general details

of the case study, methodological aspects as well as outcomes of the
study. Products based on other biomass sources were considered as
references for microalgae-related comparative assertions. In the
case of PLA studies, fossil-based conventional reference polymers
were included in the further analysis. In the proposed blend, a share
of PLA is replaced by microalgae biomass based PLA. The perfor-
mance of microalgae compared to terrestrial plants is of major in-
terest since they serve as a feedstock in the production of PLA.
Moreover, PLA is considered a potential substitute for conventional
plastics (Castro-Aguirre et al, 2016), so that its performance
compared to them is of greater interest than its performance
compared to other bioplastics. The relative outcomes of the
comparative assertions were analysed to identify the strengths and
weaknesses of microalgae as a biomass and PLA as a substitute for
conventional plastics.

Therefore, the significance of each reviewed study for identi-
fying strength and weaknesses needs to be evaluated. The signifi-
cance of a study depends on its degree of correlation with the
proposed product system. This correlation can be described by four
aspects: process correlation, temporal correlation, geographic cor-
relation as well as by the correlation of the compared system in
scale and maturity. To quantify the significance of each reviewed
article, the assessment concept of the pedigree matrix for data
quality evaluation was adjusted (Ciroth et al., 2012). Five different
scores were defined for each of the criteria described above (see
Table 1). A score of 1 means a high significance and a score of 5 a
low significance.

A significance factor was assigned to each score (see Table 2).
These factors differ for the analysed criteria owing to the fact that
some criteria are more important for the overall significance than
others. For the overall significance score the geometric standard
deviation for the scores from the ideal score as geometric mean is
calculated.

The significance S calculated for each study determines the
weight with which the results are included in the identification of
environmental strengths and weaknesses. A study with the highest
possible score is fully included, a study with the lowest possible
score is only included with 20%. Linear interpolation is used to
calculate the weight for studies with scores between the two ex-
tremes. More information on the calculation of the significance can
be found in section A of the supplementary material.

Furthermore, a sufficiency quotient SQ was defined which de-
scribes the strength of microalgae-based products for each impact
category compared to terrestrial plants. An assessment was there-
fore carried out of how often impact categories were analysed and
how often the microalgae product was advantageous. This result
was normalized with the sum of the significance of all studies

—Backward Search Exc}uded
Verification of Relevance articles
Search terms v —p-¢ 1SO 14040-compliant? releian | Ly Data
Databases e Geographic scope? : analysis
LEA & Algas - o Freshwater microalgae? ancies _
ScienceDirect, |- I;?ltielmslizl
‘ Springer Link, Verification of Relevance 13 Y
Search terms Wiley o L‘iDaW‘
Y Lo 1SO 14040-compliant? relevan ‘ analysis
LCA & PLA o Pure PLA? articles —_—
Jd . . ‘7 ——
e Comperative assertion? Excluded
Backward search—— articles

Fig. 1. Schematic overview of literature review.
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Pedigree matrix for significance assessment.
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Indicator Score

1

2

3

4

5

Process correlation

System correlation

Results from process
under study with
identical technology

Comparison of systems
with equal scale and
state of development

Results from process
under study with
slightly different
technology
Comparison of systems
with equal scale but
different state of

Results from process under
study with different technology

Comparison of systems with
equal scale due to up-scaling

of small-scale results

Results from different
process with less than
25% additional/missing
process steps
Comparison of systems
with significant
differences in scale

Results from different
process with >25%
additional/missing
process steps
Comparison of systems
with extremely large
differences in scale

(measured results) development
(measured results)
Less than 6 years old

Temporal correlation Less than 3 years old

Results from area under
study

Geographic correlation Results from larger area
in which the area under

study is included

Less than 10 years old

Results from area with similar
production conditions

Less than 15 years old Age of data unknown
or more than 15 years
old

Results from unknown
area or distinctly

different area

Results from area with
slightly similar production
conditions

Table 2
Significance factors applied together with the pedigree matrix to calculate the sig-
nificance score.

Indicator Score 1 2 3 4 5

Process correlation (Spc) 1.00 1.10 1.20 1.50 2.00
System correlation (Ssc) 1.00 1.10 1.20 1.50 2.00
Temporal correlation (Sic) 1.00 1.03 1.10 1.20 1.50
Geographic correlation (Sgc) 1.00 1.01 1.02 1.05 1.10

analysing the impact category and expressed as percentage. The
higher the result, the better the performance of microalgae
compared to terrestrial feedstock in the impact category.

In the same way, the deficiency quotient DQ for PLA was
calculated. However, as the analysis aims to identify the weak-
nesses of PLA, it was assessed how often the conventional reference
plastic performed better than PLA. The higher the result, the poorer
the performance of PLA compared to conventional plastics in the
impact category and the greater the need to improve the perfor-
mance. More information on the normalization can be found in
section B of the supplementary material.

3. Results and discussion
3.1. Analysis of the LCA of microalgal products

3.1.1. General study characteristics

The majority of the articles focused on the energetic use of
microalgal products (n=6). Two of these considered also non-
energetic products as fertilizer co-products. Furthermore, micro-
algae as a source of protein for food and feed products (n=1) and
algal biomass without further specification of application (n=1)
were found as analysed products. Most studies aimed to evaluate
the potential environmental impacts and to compare the results
with benchmark products (n=>5). Other goals detected were the
identification of environmental hot spots (n=3) as well as a
comparison of different production pathways (n = 3), whereby it
should be noted that each study can have more than one objective.

A total of four different biomass sources were analysed in the
articles, whereby only seven of the eight selected articles specified
their source. The most common biomass source under investigation
was Chlorella vulgaris (n=5). Scenedesmus obliquus (n=1), a
mixture of Chlorella and Scenedesmus (n = 1) as well as Arthrospira
platensis (n = 1) have rarely been analysed.

Five articles compared the LCA results of the microalgal prod-
ucts to other bio-based references. In decreasing order of frequency,
the referenced biomasses were rape (n=4), soybean (n=3), palm

(n=2)as well as sunflower (n = 1) and pea (n = 1). Table 3 provides
an overview of the general study characteristics of the reviewed
articles.

3.1.2. Functional unit

Methodological choices in LCA cover aspects such as the func-
tional unit, system boundaries and the allocation approach. All of
them influence the results of an LCA study and therefore require a
critical reflection. Table 4 presents the methodological choices
made in the reviewed studies.

As stated in ISO 14040 “[the] functional unit defines the quan-
tification of the identified functions (performance characteristics)
of the product. The primary purpose of a functional unit is to pro-
vide a reference to which the inputs and outputs are related.” (ISO
14040, 2009: 23) Thus, the functional unit depends on the scope of
the study and the product analysed. In the reviewed articles, the
energy unit MJ was used as the functional unit in 83% of the studies
where energetic uses were analysed. Only in one case, where a
product basket of three energetic products as well as three non-
energetic products was analysed, the volume in gallons were
selected as the functional unit. For non-energetic microalgal
products mass-based units were used.

M] as functional unit for energetic products allows for com-
parison of different fuels as it takes into account that feedstocks
differ in their energy content and thus the quantity needed for the
same energy output differs. Gallons measure the volume of the
produced fuel, which implies several critical aspects. Firstly, the
volume depends of the measuring conditions such as temperature
(ISO 91, 2017). Secondly, the volume does not allow a comparison of
fuels with different energy contents. Thirdly, gallons are not a
globally used unit, which exacerbate the lack of comparability of
different LCA studies. Consequently, gallons do not fulfil the re-
quirements of the ISO 14040 norm and M] should be selected as
functional unit for the comparison of energetic products.

The weight of produced biomass (e.g. in kg) is the functional
unit, which can be most easily measured. However, further speci-
fications like dry matter or moisture content are needed in order to
allow comparisons. Moreover, kg biomass does not describe any
functionality. For studies focusing on a specific component of the
biomass, the mass of the target compound would be the correct
functional unit. For example, Smetana et al. (2017) compare the
environmental impacts of 1kg of protein meal or powder of
different protein sources. As the protein content of the meal
varies between different protein sources, the same amount of
protein meal does not provide the same functionality. Therefore, in
this case 1 kg of protein would be the suitable unit to allow com-
parisons between different protein sources and their associated
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Table 3
General characteristics of reviewed studies on microalgae.
Paper Products® Biomass source®  Reference biomass Weight
BD BO BE BM MB AM MP OC CV SO AP Palm Rape Sunflower Soybean Pea
Collet et al. (2011) X X X X X 55%
Jez et al. (2017) X X X X 48%
Lardon et al. (2009) X X X X X 55%
Smetana et al. (2017) X X X X X X 48%
Soratana et al. (2014) X X X X X
Soratana et al. (2012) X n.s.
Soratana and Landis (2011) X X
Taelman et al. (2015) X X X X X X 48%

2 Products: BD = biodiesel, BO = bio oil, BE = bioethanol, BM = biomethane, MB = microalgae biomass, AM = algal meal, MP = microalgae protein, OC = other co-products.
b Biomass source: CV = chlorella vulgaris, SO = scenedesmus obliquus, AP = arthrospira platensis, n.s. = not specified.

g:/';lr‘:/itw of methodological choices made in the reviewed studies on microalgae.
Paper Functional Unit Boundaries Allocation
System* Temporal Geographical
T F
Collet et al. (2011) 1MJ PW X Buildings: 30yrs Narbonne (France) System expansion

Jez et al. (2017) Energy in 1 kg of oil CGa
Lardon et al. (2009) 1M] PW
Smetana et al. (2017) FU1:1 kg biomass (85—90% MC”) CGa

FU2: 1kg protein powder (4% MC)

FU3: 1 kg bulk protein

FU4: 1 kg of oil
Soratana et al. (2014) 2 million gallons biodiesel CGa
Soratana et al. (2012) 8.94*10'°M] PW
Soratana and Landis (2011) 3650 kg biomass CGa
Taelman et al. (2015) 1 M] algal/soy meal, 0.51 M] algal/soy oil, CGa

986.62 M] electricity, 139.15 MJ heat
and 1015.76 M]J digestate

X Pond: 10yrs

X Buildings: 30 ys

Electrical engines: 10yrs  Average European
electricity mix
Italy System expansion
Centrifuge: 20 yrs

Crop cultivation data

2011-2014

Mediterranean region
Average European
electricity mix

Berlin (Germany)

Energetic and carbon
content with corrective
term

System expansion,
Economic allocation

Electrical engines: 10 yrs

Arizona (US)
us

System expansion

X PBR: 5,10, 20yrs

The Netherlands System expansion

@ System boundaries: T = transport, F = facilities, PW = pond-to-wheel, CGa = cradle-to-gate.

P MC = moisture content.

environmental impacts for providing the same functionality.
Whereas the functional unit of kg biomass is correct in the case of
Soratana and Landis (2011) since the scope of the study is to
compare the impact of different cultivation systems without
defining any further use or specified target compound of the
biomass.

3.1.3. System boundaries

Clearly defined system boundaries are essential to identify
relevant processes and to draw accurate conclusions from the re-
sults. Fig. 2 presents a schematic overview of common concepts of
setting system boundaries.

Details on the defined boundaries of each reviewed paper can be
found in Tables 4 and 5. It can be seen, that there is a general lack of
information on the temporal boundaries of the studies (50% of the
studies do not give any information). Only little convergence is
shown for the different process systems: three different cultivation
systems were used, whereas autotrophic systems were, with a
share of 90%, the large majority. In addition, three different ap-
proaches for concentrating the biomass were identified (settling
tank, centrifugation and flocculation) and four different drying
approaches (lyophilisation, air dryer, belt dryer and natural-gas
fired dryer).

None of the reviewed studies included transportation in their

system boundaries. This can be explained by the general focus on
cradle-to-gate analyses and by the fact that pilot-scale or hypo-
thetical system are analysed where it is assumed that all process
facilities are located in the same place. Differences were found for
the inclusion of impacts caused by the required facilities and their
associated lifetime. Collet et al. (2011) found that infrastructure has
a considerable impact on land use, ozone layer depletion, eutro-
phication, human toxicity and global warming. The finding are
supported by Soratana and Landis (2011), who conclude that con-
struction materials have a considerable impact on the LCA results.
Whereas Lardon et al. (2009) only identified land use as impact
category, which is driven by infrastructure. Another critical concern
is, whether the facilities are included in the references product
system. Here, the focus lies on the description of the algae product
system and its inventory, so it remains unclear if the system
boundaries of the reference system are equal. The only exception is
the work published by Jez et al. (2017). Detailed inventory data for
both compared systems are given, which indicate that construction
materials are considered in both systems. To ensure conducting a
sound LCA, construction materials should be included as their
impact are not negligible and in case of a comparative assentation, a
detailed description of the references system boundaries is neces-
sary. In case of unequal system boundaries due to data unavail-
ability, the differences of the systems should be highlighted and
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Fig. 2. Schematic overview of system boundary concepts.
Table 5
Technical boundaries of the reviewed studies on microalgae.
Paper Cultivation® Concentration” Drying® Conversion® Auxiliary® Combustion
RP BR HTF ST Cen Flo Ly Air Be NG AD Ex Est Te Fr Bo Pu Ho
Collet et al. (2011) X X X X X X X
Jez et al. (2017) X X X
Lardon et al. (2009) X X X X X
Smetana et al. (2017) X X X X X X X
Soratana et al. (2014) X X X X X X
Soratana et al. (2012) X X X X X X
Soratana and Landis (2011) X
Taelman et al. (2015) X X X X X

Cultivation: RP = raceway pond, BR = bioreactor, HTF = heterotrophic fermenter.
Concentration: ST = settling tank, Cen = Centrifuge, Flo = flocculation.

Conversion: AD = anaerobic digestion, Ex = extraction, Est = esterification, Te = transesterification, Fr = fractioning.

a
b
¢ Drying: Ly = Lyophilisation, Air = air dryer, Be = belt dryer, NG = natural gas-fired dryer.
d
e

Auxiliary: Bo = boiler, Pu = purification, Ho = homogenization.

discussed qualitatively in the interpretation of the results. Most
reviewed papers highlight only the unequal maturity of compared
systems, none of them referred to differences in the system
boundaries.

3.1.4. Allocation

In the case of multi-product processes, the environmental im-
pacts of the upstream processes need to be allocated. In accordance
with EN 16760 (2015) — the standard for LCAs of biobased products
— allocation should be avoided if possible. This can be done by
splitting the process units into subunits or expanding the system to
include co-products within the boundaries. If the allocation cannot
be avoided, it should be based on the physical parameters of the
products such as energy content or carbon content. If a physical
allocation is not feasible, other parameters, e.g. mass or economic,
relations can be used. The selected allocation approach can have a
considerable effect on the results. Mass allocation increases the
environmental burden of by-products, whereas economic alloca-
tion induces most of the burden on the main product. Furthermore,
economic allocation depends on time and location leading to a
greater difficulty of comparing studies from different region and
years (FAO, 2010).

As can be seen in Table 4, system expansion is, in compliance
with the norm, by far the most applied option. Lardon et al. (2009)
use physical parameters for allocation, whereas Smetana et al.
(2017) apply an economic approach for multi-product processes,
where system expansion is not conducted. In both cases, it was not

analysed how sensitive the results are to the selected allocation
approach. To do so, at least two different allocation methods should
be applied to see, whether the drawn conclusions remain the same.

3.1.5. Life cycle impact assessment

The outcomes of an LCA study are also influenced by the sup-
porting tools selected (software, life cycle impact assessment
method) and the underlying data. Table 6 presents the tools and
data sources used in the reviewed studies. The given structure of
the software leads to differences in the implementation of LCIA
methods, which leads to the consequence that some substances are
not considered in all LCA software programmes. Furthermore,
spelling differences of substance names and different characteri-
sation factors can cause discrepancies in the results (Speck et al.,
2016). The software was not specified in the majority of studies
(n=6) and SimaPro was used in two assessments.

LCIA methods incorporate models and characterisation factors
for several impact categories. They differ in actuality of models
considered and in impacts covered. CML, named after the devel-
oping institution Centrum Milieukunde Leiden, was first developed
in 1992 and is since then regularly updated, recently in 2016.
ReCiPe integrates the CML midpoint and Eco-Indicator 99 endpoint
method and aims to provide a consistent framework for a combined
mid- and endpoint approach. It was first published in 2009 and
follow-up was published in 2017. The Tool for the Reduction and
Assessment of Chemicals and other environmental Impacts (TRACI)
was first released in 2003 by the Environmental Protection Agency
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Table 6
Tools and data sources used in the reviewed studies on microalgae.

Paper Software LCIA Methods Data sources®
CML ReCiPe Impact 2002+ TRACI CEENE Lit Mes Ind Cal PC DB

Collet et al. (2011) X X X X X
Jez et al. (2017) SimaPro X X X X
Lardon et al. (2009) X X X X
Smetana et al. (2017) SimaPro X X X X
Soratana et al. (2014) X X X
Soratana et al. (2012) X X X X X
Soratana and Landis (2011) X X X
Taelman et al. (2015) X X X X

2 Data sources: Lit=data from literature, Mea = measured data, Ind =data from industry, Cal= calculated data, PC = personal communication/data from experts,

DB = databases.

of the United States, the follow-up TRACI 2.0 was released in 2011.
The first version of Impact 2002 + was as well published in 2003, in
2016 part of its methodology was integrated in the newly devel-
oped Impact World + method (Rosenbaum, 2017). The cumulative
exergy extraction from the natural environment (CEENE) only de-
scribes the area of resources (Dewulf et al., 2007).

The selected LCIA method should be consistent with the definite
goal and scope of the study and cover a comprehensive set of
environmental impact categories, which may be affected by the
product system (ISO 14044, 2006). No minimal comprehensive set
of impact categories is defined for bio-based products. However,
the authors recommend covering at least land and water use as
well as the effects of nutrients, fertilizer and pesticides used in the
cultivation stage. The aspects are described in impact categories
analysing the acidification and eutrophication as well as the human
and ecotoxicity potential. If an energetic use of biomass is analysed,
the fossil fuel depletion resulting from the production of biofuels as
well as well as the global warming potential should be analysed. For
the analysis of the global warming potential of bio-based products,
an LCIA method should be selected that differentiates between
fossil and biogenic emissions. Out of the five applied LCIA methods
only ReCiPe covers all of the proposed impact categories. CML as
well as Impact 2002 + do not account for water use and TRACI does
neither include land use impacts (Rosenbaum, 2017). As all studies,
except one, aim for evaluation the environmental performance, it
can be concluded that most LCIA methods selected are not fully
consistent with the goals. Taelman et al. (2015) defined their goal as
comparing the resource footprint of microalgae and soybeans,
which is consistent with CEENE as selected methodology. As for
allocation, a second LCIA method based on different models should
be applied to evaluate the sensitivity of the results to the selected
method.

There is a large variation in the number and types of impact
categories included in the reviewed studies (see Fig. 3). This vali-
dates further that in most studies the comprehensiveness of ana-
lysed impacts is not given. The capability of identifying burden
shifting is one of the key strengths of the LCA approach, but without
comprehensiveness important information are lacking to draw
conclusions. It is thus recommended to analysis a broader set of
impact categories in order to capture environmental gains and
losses of the product system. In addition, better justification of the
choice of LCIA methods and included as well as excluded impact
categories would improve the transparency of the studies.

3.2. Analysis of the LCA of PLA

3.2.1. General study characteristics

Most studies aimed to evaluate potential environmental im-
pacts and to compare the results with benchmark products
(n=13), whereas one of the studies had a strong focus on disposal

solutions. Table 7 provides an overview of the products analysed,
the reference products and the biomass used as feedstock for PLA.
Moreover, the weight with which each study is taken into account
for the potential analysis is listed.

3.2.2. Functional unit

As for microalgae, the correct functional unit depends on the
goal and scope of the study and for comparisons an equal func-
tionality is essential. The functional units of the reviewed studies
on PLA are shown in Table 8 together with boundaries and alloca-
tion methods.

Two different approaches were found as functional unit for
packaging application (including cups and bottles): defined by di-
mensions as for example done by Deng et al. (2013) and
Suwanmanee et al. (2013) or by the capacity as for example defined
by Gironi and Piemonte (2011) and Madival et al. (2009). The
functionality of packaging application is best described by its ca-
pacity, as it takes into account that different materials can have
different properties. For example, a greater thickness might be
needed to achieve the same stability of a packaging box as provided
by the reference product. In cases where only materials are
compared without any specified function a mass-based unit can
serve as functional unit. However, it needs to be taken into account
that the relative performance of the material compared to each
other might change as soon as the target functionality is defined.

3.2.3. System boundaries

Almost all of the reviewed studies adopted a cradle-to-grave
approach (n=11). The majority of these excluded the use phase
(n=8), whereas only a small share omitted the impacts of trans-
portation (n=2). Two articles followed a cradle-to-gate approach
and both included the impacts of transportation. The majority of
studies that included the disposal stage considered different end-
of-life scenarios (n=9). In most cases, incineration (n=9), com-
posting (n = 8), recycling (n = 6) and landfilling (n = 6) were ana-
lysed. Anaerobic digestion (n=2) was rarely analysed. Excluding
the use phase for packing and material application is adequate
since no impacts are associated with the use phase (Ingrao et al.,
2017). Transportation, however, is important to be included in the
system boundaries due to the global supply chain of the production.
Information on the inclusion of the impacts of the required infra-
structure are not presented in any of the reviewed paper. Eight of
the reviewed studies refer to the PLA inventory in the ecoinvent
databases, where the documentation of the data set states that
infrastructure impacts are added (Ecoinvent, 2017). This informa-
tion are only available for holders of ecoinvent licences though,
more transparency in the description of the system boundaries
would be desirable. Further, most of the studies lack time-based
information.
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Fig. 3. Impact categories considered in the reviewed studies on microalgae.
Table 7

General characteristics of the reviewed studies on PLA.

Paper Products® Biomass source” Reference polymer® Weight
Pa Mt Bo Cu Co Sc Ma Ca PET PP PE LD HD PS PC
Deng et al. (2013) X X X 57%
Gironi and Piemonte (2011) X X X 57%
Groot and Borén (2010) X X X X X X X 91%
Hermann et al. (2010) X X X X 57%
Hottle et al. (2017) X X X X X 94%
Ingrao et al. (2017) X X X 57%
Madival et al. (2009) X X X X 56%
Papong et al. (2014) X X X 57%
Suwanmanee et al. (2013) X X X 57%
Uihlein et al. (2008) X X X 55%
van der Harst et al. (2014) X X X X 57%
Vercalsteren et al. (2010) X n.s. X X 57%

2 Products: Pa = packaging application, Mt = material, Bo = bottles, Cu = cups.

b Bjomass source: Co = corn, Sc = sugar cane, Ma = maize, Ca = Cassava, 1.s. = not specified.
¢ Reference polymer: PET = polyethylene terephthalate, PP = polypropylene, PE = polyethylene, LD =low-density polyethylene, HD = high-density polyethylene,

PS = polystyrene, PC = polycarbonate.

3.24. Allocation

In the studies, where allocation was required and could not be
avoided by system expansion, a mass-based and an economic
approach were used. Deng et al. (2013) tested the sensitivity to the
allocation method by applying the mass-based and economic
allocation. It is concluded that a change in the allocation method
leads to a considerable change of the absolute impacts, but it is not
mentioned, if the outcomes of the comparison with references
products are affected as well.

3.2.5. Life cycle impact assessment
Table 9 presents the software, LCIA methods and data sources

used in the reviewed articles.

As pointed out in section 3.1.3 for microalgae, the comprehen-
siveness of the analysed impacts is often not given. In many cases
superseded methods are used, which leads to non-consideration of
available impact categories. Another critical point for the analysis of
plastic products is unavailability of a model assessing the impacts of
plastic littering (Castelan, 2018). The lack of comprehensiveness of
the analysed impact categories is shown in Fig. 4.

Global warming potential is the only impact categories analysed
in all studies. Important issues associated with bio-based products
are not analysed on a frequent basis in the reviewed studies. 50% of
the papers analysed the impacts of land use and only 25%
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Table 8
Overview of methodological choices made in the reviewed studies on PLA.

Paper Functional unit Boundaries Allocation

System? Temporal Geographic
F U
Deng et al. (2013) 1 m? with 0.15 mm thickness CGr X (X) Europe Mass
Gironi and Piemonte (2011) 1000 units of 500 ml bottles CGr X X) International, Mass
industrialized
world
Groot and Borén (2010) 1 ton of material at factory gate CGa X ((X) Electricity mix  Thailand System expansion,
from 2006 Economic approach

Hermann et al. (2010) 1m? of film CGr X (X) Europe System expansion

Hottle et al. (2017) 1 kg of polymer CGr X X) us Mass

Ingrao et al. (2017) 1 kg expanded-PLA trays CGr X Italy

Madival et al. (2009) 1000 containers with capacity of 0.4536 kg of CGr X (X) X us

strawberries

Papong et al. (2014) 1000 units of 250 ml bottles CGr X Thailand

Suwanmanee et al. (2013) 10000 units of 8 x 10 x 2.5 cm boxes CGa X X) Thailand

Uihlein et al. (2008) 100 000 cups for 2 dl with a material volume of 10cm®> CGr X X Germany

van der Harst et al. (2014) Provision of disposable beverage cup fit for CGr X (X) X The Netherlands System expansion

serving 180 ml hot drinks by vending machines
Vercalsteren et al. (2010) Serving of 1001 of beer or soft drinks at a CGr X X Belgium

small-scale indoor or a large-scale outdoor event

2 System Boundaries: T = transport, F = facilities, U = Use phase, CGr = cradle-to-gate, CGa = cradle-to-gate. (X) indicates that information is not provided in the article, but

researching the underlying data set showed that facility impacts are included.

Table 9
Tools and data sources used in the reviewed studies on PLA.

Paper Software  LCIA Methods Data Sources®
CML ReCiPe Impact 2002+ TRACI Eco-Indicator99 EDIP 2003 " CED® Lit Mea Ind Cal PC PE DB

Deng et al. (2013) SimaPro X X X X X
Gironi and Piemonte (2011)  SimaPro X X
Groot and Borén (2010) GaBi X X X X X
Hermann et al. (2010) SimaPro X X X
Hottle et al. (2017) X X X X X
Ingrao et al. (2017) SimaPro X X X
Madival et al. (2009) SimaPro X X X X
Papong et al. (2014) SimaPro X X X X X
Suwanmanee et al. (2013) X X X
Uihlein et al. (2008) Umberto X X X X
van der Harst et al. (2014) SimaPro X X X X X
Vercalsteren et al. (2010) X X X

2 Data sources: Lit = literature, Mea = measured data, Ind = industry data, Cal = calculated data, PC = personal communication, PE = personal experience, DB = databases.

b EDIP = Environmental Design of Industrial Products.
€ CED = Cumulative Energy Demand.

considered the water depletion as impact category. Furthermore, it
was barely assessed, if PLA decreases the dependency of fossil re-
sources. Since the comprehensiveness is often missing, it is difficult
to draw a general conclusion on the environmental potential of PLA
as replacement for conventional plastics. Moreover, a lack of
transparency was identified in most studies as in the majority of the
reviewed studies justifications for the non-consideration of impact
categories were missing. This point is especially critical as most
studies used secondary LCI data from databases that provide data
for all currently available impact categories.

3.3. Analysis of improvement potentials

3.3.1. Description of the product system

The proposed multiple output product system is divided into
three subsystems that produce different interim and final products:
biomass production, lipopeptide production and bioplastic pro-
duction (see Fig. 5). Microalgal biomass are cultivated in green-
houses on a pilot-scale using thin layer cascades and open raceway
ponds, each with a surface area of 5m?. Since the focus of the
process model lies on the production of lipopeptides, the

cultivation process consists of two steps: i) optimal cultivation
conditions are provided for biomass growth, ii) Once the targeted
amount of biomass is reached, the conditions are modified to stress
the cyanobacteria so that they increase their production of lip-
opeptides. Possible ways to stress the bacteria are temperature
changes or nutrient deprivation. The optimum conditions for lip-
opeptide production are currently being investigated. Furthermore,
disintegration and spray drying are critical process steps since their
effects on lipopeptides have not yet been fully investigated.

The dry disintegrated microalgal biomass is the feedstock for the
lipopeptide production. This subsystem is based on the lipopeptide
isolation method developed by Cheel et al. (2017). The process
chain consists of three extraction and one enrichment step. An
evaporation unit is interposed after each process step to remove the
solvents. On a lab-scale the solvents are emitted into the air, but on
an industrial-scale recovery units could be implemented to reduce
airborne emissions and material needs. Whether a homogenization
of the biomass with sea sand is necessary as a first step in the
process chain if the biomass can be disintegrated beforehand is
currently being investigated.

The three residues of the lipopeptide production are be tested
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Fig. 4. Impact categories considered in the reviewed studies on PLA.

for their potential as a feedstock for bioplastic. Three different
compounds — lipids, polysaccharides and proteins —are therefore
be extracted from the residual biomass. The individual extracts are
then compounded with PLA granulate and injection moulded to
form a sample. This sample is analysed with respect to its charac-
teristics, which might result in the need to add additives to
compounder and hence modify the material's characteristics.
Environmental comparisons of solvents and additives for the
different production pathways can be a valuable input when it
comes to balancing the pathways against one another and selecting
the most promising, taking into account material characteristics
and environmental performance.

Fig. 5 also presents the system boundaries for the prospective
life cycle assessment of the proposed product model when all is-
sues, which are currently under investigation are solved, and pri-
mary data can be collected. As discussed in the previous sections
the correct functional unit for the assessing the proposed product
system is 1 kg of produced lipopeptides and the associated amount
of produced PLA. To compare the results to a reference system data
on facilities should be added if available. In case of their unavail-
ability, the reference system needs to be adjusted accordingly.

3.3.2. Microalgae vs. terrestrial feedstock

Only five of the eight LCA studies on microalgae that were
analysed compared the results with products based on terrestrial
feedstock. A total of 25 different comparison pf microalgae and
terrestrial feedstock were found. The significance score of the
studies ranged from 2.06 to 2.23, which is rather low considering
that 1.00 would be the highest score and 2.90 the lowest. These
results are due to the low correlation of the process systems and the
fact that small-scale facilities were often compared to large-scale
facilities. Consequently, the findings of the studies contributed
only 48—55% to the evaluation of the potential of microalgae as
feedstock for PLA. Fig. 6 shows the normalized sufficiency quotients

SQ on the positive x-axis.

The SQ for global impact categories are rather low, with 5% for
the global warming and ozone depletion potential and 0% for the
ionising radiation. However, as shown by Lardon et al. (2009) and
Collet et al. (2011), the unfavourable global warming results of
almost one third of analysed comparisons are partly due to the
combustion process, which is outside the PLA-microalgae produc-
tion system as presumed in Fig. 5. This might lead to an under-
valuation of the microalgae's potential to reduce global warming.

Only the photochemical oxidant formation was analysed as a
respiratory issue for microalgae and a SQ of 57% was calculated.
Furthermore, transesterification (Lardon et al, 2009) and com-
bustion (Collet et al., 2011) were identified as major reasons for the
photochemical oxidant formation potential in all evaluated com-
parisons for this impact category. Both processes are outside the
presumed product system. Thus, the potential of microalgae to
reduce the photochemical oxidant formation potential may have
been underestimated.

There was no differentiation between carcinogenic and non-
carcinogenic characteristics when it comes to the human toxicity
of microalgal products. The SQ for human toxicity reaches a value of
57%. The high energy demand (Collet et al., 2011; Jez et al., 2017)
and material consumption for the facilities (Jez et al., 2017) were
identified as the main reasons.

For terrestrial acidification, the SQ is 23%. This rather low value
is mainly due to one study with 15 comparisons, all of which are
unfavourable for microalgae. With a sample size of 24 for acidifi-
cation, the value-choices of this one study have an immense in-
fluence on the sufficiency quotient.

Microalgae reached a SQ of 100% for terrestrial and freshwater
eutrophication, but if freshwater eutrophication is analysed as an
individual impact category, the sufficiency quotient is zero. As for
acidification, a study with 15 comparisons is the main reason here.
The SQ for marine eutrophication is 100%, but the sample size of
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Fig. 5. Product system to manufacture lipopeptides and PLA-microalgae-blends.

two is too low to allow any reliable conclusions to be drawn. The
same applies to terrestrial and freshwater ecotoxicity. Terrestrial
plants showed continuously better results for marine ecotoxicity so
that the SQ zero.

With respect to the total energy demand, microalgae showed a
constantly poorer performance than terrestrial plants. Microalgae
displayed showed mixed results for impact categories related to
land use. The SQ reached 100% for land occupation and natural land
transformation. The value was 0% for land occupation, but the
sample size is too small for any conclusions to be drawn. Further-
more, the SQ is 24% for agricultural land occupation. Again, all of the
negative results in this category were found in the same study.
Microalgae showed constantly less favourable results for resource
depletion, regardless of which resource was considered.

3.3.3. PLA vs. conventional plastics

Fig. 6 shows the weighted environmental hot spots of PLA
products on the negative x-axis. To increase the comparability with
the LCA studies on microalgae, only results for midpoint categories
were considered. Furthermore, only cradle-to-gate outcomes were
considered for PLA wherever possible. However, the results pre-
sented by Ingrao et al. (2017) and Uihlein et al. (2008) suggest that
the impacts caused by the disposal stage play only a minor role. In
the 12 studies considered, 23 comparisons were found. Ten studies
have a significance score between 2.01 and 2.06, resulting in a
weighting of between 55% and 57%. The rather low score is mainly
due to a poor system correlation. However, two studies produced
high significance scores of 1.44 and 1.21, leading to a weighting of
91% and 94% respectively.

PLA showed the highest deficiency quotient DQ for ionising
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Fig. 6. Normalized potential of algae feedstock to improve the environmental performance of PLA.
The performance of algae compared with terrestrial plants is shown on the positive x-axis. The comparison of PLA and conventional plastics is shown on the negative x-axis.
Information on sample size is provided for each impact category in the form of (m; n).
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radiation with 100%, followed by ozone depletion potential with
43% and global warming potential with 30% with respect to the
global impact categories.

For respiratory issues PLA showed a predominantly high DQ:
87% for the photochemical oxidant formation potential and 81% for
particulate matter formation. However, the DQ is zero for the
combined analysis of both aspects, though the sample size is too
small to draw any conclusions.

Regarding non-carcinogenic human toxicity aspects PLA
showed consistent beneficial results, but mixed results for carcin-
ogen aspects with a DQ of 50%. Furthermore, PLA was mainly
disadvantageous compared to conventional plastics in cases where
both aspects were analysed as a merged category. In the combined
category, the DQ reached a value of 70%.

PLA reached a very high DQ of 88% for freshwater eutrophication
and 100% in the remaining impact categories for acidification and
eutrophication. However, it has to be remembered that the sample
sizes for freshwater acidification and marine eutrophication were
very small

For the combined analysis of the terrestrial and freshwater
ecotoxicity potential PLA reached a high DQ of 83%; the values are
100% and 11% respectively for the individual analysis of terrestrial
and freshwater ecotoxicity. The DQ was 50% for the marine eco-
toxicity. Again, the small sample size limits the validity of results for
terrestrial and marine ecotoxicity.

Regarding the energy requirements, PLA had a low DQ for the
non-renewable energy demand (8%) and a high DQ for the
renewable energy demand (100%). The DQ for the total energy
demand reached a value of 40%.

PLA showed high DQ for all categories related to land use: 91%
for agricultural land occupation and 100% for the remaining cate-
gories. However, it should be noted that the sample sizes are very
small, except for agricultural land occupation.

The DQ for fossil fuel depletion combined with mineral deple-
tion as well as for fossil fuel depletion as an individual impact
category is low at 9%, whereas it is high for mineral (80%), metal
(100%) and water depletion (100%). However, the results for metal
and water depletion are based on a small sample size, thus limiting
the validity.

3.3.4. Potential of microalgae-PLA blends

The different settings of the analysed LCA studies and the lack of
transparency, as presented in detail in the previous sections,
complicate the comparison of the outcomes and the estimate of the
potential environmental improvements of microalgae-PLA blends.
However, based on the DQ and the sample size, the main weak-
nesses of PLA were identified and compared to the strength of
microalgae as indicated by their SQ quotient and sample size.

The five major weaknesses of PLA are land use, acidification,
eutrophication, respiratory issues and ecotoxicity. Microalgae
showed some promising results to reduce the impact of PLA pro-
duction when it comes to land use. In addition, microalgae dis-
played a certain potential to reduce the acidification and
eutrophication impacts of PLA. A conclusion can only be drawn for
respiratory issues with respect to the photochemical oxidant for-
mation potential. Microalgae display promising results to reduce
the impacts in this impact category. Furthermore, microalgae are a
promising feedstock to reduce ecotoxicity in terrestrial and fresh-
water ecosystems. However, there are certain impact categories
where microalgae may have negative effects on the environmental
footprint of PLA and diminish its relative performance compared to
conventional plastics. Such risk categories are the energy demand,
fossil fuel depletion, global warming and ozone depletion potential.
However, these are impact categories where an improved perfor-
mance is expected from technological developments and upscaling.

In other impact categories, such as water depletion and ionising
radiation, both product groups displayed a poor performance. The
water depletion potential indicates that the production location for
microalgae-PLA blends needs to be chosen carefully. An important
aspect that needs to be taken into account for the evaluation of the
environmental potential of microalgae-PLA blends is the fact that
the proposed system is a multi-output system. Since no reference
system is available in LCI databases system for the production of
lipopeptides, this cannot be expanded for a comparison of terres-
trial and microalgae-based PLA. Thus, the impact of algal feedstock
production will not be fully assigned to the PLA that is produced,
leading to a higher potential for microalgae to reduce the envi-
ronmental footprint of PLA production.

4. Conclusions

The results of the paper present initial indicators of the envi-
ronmental potential of microalgal residue as a feedstock for PLA.
However, they cannot be taken as evidence due to uncertainties
associated with process-related differences of reviewed studies and
development stages of compared technologies. Microalgae showed
a high improvement potential in terms of land use as well as for
terrestrial ecotoxicity and a certain potential to decrease the
eutrophication, human toxicity, photochemical oxidant formation
and acidification potential. On the other hand, microalgae might
worsen the performance of PLA with respect to global warming,
ozone layer depletion, marine ecotoxicity, energy demand as well
as increase the depletion of mineral and fossil fuel. Two critical
factors that determine the environmental impacts of the proposed
system have been identified: (1) the optimal growing conditions for
the algal biomass (2) the effects of microalgae on the properties of
PLA and the resulting need for additives. Once the optimum
growing conditions and additives are identified, a full LCA study
with primary data can be performed to gain more reliable insights
on the potential of microalgae as feedstock for bioplastics.
Furthermore, a general lack of transparency and critical questioning
of value choices were identified in the literature review. It is thus
recommended to carefully reflect the system boundaries as well as
the justification and sensitivity analysis of the value choices. Sys-
tem boundaries as well as temporal, technological and geographic
boundaries are critical for evaluating results of LCA studies and
should be communicated clearly.
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Microalgae have been recognised as promising feedstock for a bioeconomy. Currently, their environ-
mental sustainability is constrained by a high energy-demand for cultivation, as well as by the provision
of carbon dioxide and nutrients. This study evaluates the potential of alternative supply chains based on
available waste-streams. For this, the microalgae cultivation process is coupled with anaerobic digestion
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plants are the most important indicators for the possibility of integrating microalgae cultivation into
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1. Introduction

The gap between biomass demand and supply has been iden-
tified as one of the main obstacles for the transition towards a
sustainable bioeconomy. To close this gap, the biomass supply
chains need to comply with the following requirements: (i)
avoidance of the over-exploitation of resources, (ii) reduction of
greenhouse gas emissions in the supply chain, (iii) reduction of
land-use changes, (iv) economic competitiveness with substitution
products (DG Research and Innovation., 2014). Microalgal biomass
has the ability to fulfil the aforementioned requirements and is thus
a promising feedstock to tackle the problem of insufficient biomass
supply. Exponential growth rates, as well as a possible year-round
production, enables microalgae to play an important role as
renewable feedstock in a future bioeconomy. Microalgae do not
depend on arable land and thus avoid land competition with food

* Corresponding author.
E-mail addresses: maresa.bussa@hswt.de (M. Bussa), cordt.zollfrank@tum.de
(C. Zollfrank), Hubert.roeder@hswt.de (H. Roder).

https://doi.org/10.1016/j.jclepro.2019.118630
0959-6526/© 2019 Published by Elsevier Ltd.

crops. Furthermore, they require less water than terrestrial crops
(Brennan and Owende, 2010). The global algal biomass production
achieved a remarkable growth in the last decades: from 10.51
million tons to 30.45 million tons in 2015, whereas in Europe the
algal biomass production remained stable. The production
amounted to 0.23 million tons in 2015, which accounted for 0.003%
of total biomass harvested in Europe (Camia et al., 2018). In 2016, a
value added of 1.69 billion Euro was generated and 14,000 people
were employed in the sector and its supply chain (DG Maritime
Affairs and Fisheries and Joint Research Centre, 2018). Microalgal
biomass can be completely used for a large variety of products,
resulting in four different markets of interest: the energy market,
food and feed sector, chemicals and materials industry, as well as
the pharmaceuticals and personal care industry, which is known as
a high-value sector (Barsanti and Gualtieri, 2018). Combining the
production of high-value products with by-products of lower value,
as proposed by Bussa et al. (2019a), could also improve the eco-
nomic competitiveness of the by-products.

Various studies have assessed the environmental impact of
products based on microalgae — mainly products for energy
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Abbreviations LU land use

MEP marine eutrophication potential
AD anaerobic digestion METP marine ecotoxicity potential
CO, carbon dioxide MRD mineral resource depletion
DALY disability-adjusted life years N nitrogen
FEP freshwater eutrophication potential n.d. no date
FETP freshwater ecotoxicity potential oDP ozone layer depletion potential
FRD fossil resource depletion P phosphorous
GLW gridded livestock of the world p.e. population equivalent
GW global-warming potential PMF particulate matter formation
HCTP human carcinogenic toxicity potential POFP photochemical oxidant formation potential
HNCTP  human non-carcinogenic toxicity potential TAP terrestrial acidification potential
IR ionising radiation TETP terrestrial ecotoxicity potential
K potassium UWWTP urban wastewater treatment plant
LCA life-cycle assessment WC water consumption

purposes. Collet et al. (2011) concluded that electricity consump-
tion, especially for mixing and pumping, is the main drawback of
biogas production from microalgae. This was confirmed by Taelman
et al. (2015), who identified the energy-demand of the cultivation
stage as a crucial factor in the environmental performance of
microalgae as a protein source. Besides the energy consumption,
Lardon et al. (2009) found that the fertiliser use as a nutrient
source, along with the fuel combustion process, contribute signif-
icantly to the environmental burden of microalgal biodiesel. Bussa
et al. (2019b) showed that the energy provision and carbon dioxide
(CO3) supply are responsible for the majority of the environmental
impacts of microalgae cultivation, whereas the use of urea as feed
for the microalgae is especially significant for the water depletion
impacts.

Other life-cycle assessment (LCA) studies compared different
supply chains of energy, CO, or nutrients to improve the environ-
mental performance of microalgal products. Jez et al. (2017) also
identified the energy-demand as a critical factor and calculated
three scenarios, with varying energy sources, for the production of
microalgal oil: electricity from the grid, photovoltaic and using the
algal cake to produce biogas. The results are greatly influenced by
the handling of the residual biomass. In the cases where the residue
is handled as a substitute for soybean cake, the biogas scenario is
the worst option in 75% of the impact categories, whereas photo-
voltaic performs best in 67% of the considered midpoint categories.
If, however, the residue is classified as compost, the scenario with
biogas is slightly better than the scenario with electricity from the
grid in all the categories. The photovoltaic scenario performs best in
all the categories except for human toxicity, terrestrial ecotoxicity
and metal depletion.

Collotta et al. (2018) describe the CO, source as the most rele-
vant aspect for the environmental burden of biofuels from micro-
algae. Three different CO, sources were compared: direct injection
of flue-gas, CO,-recovery from combustion flue-gas, and conven-
tional CO, produced by the chemical industry. The direct injection
of CO-containing flue-gas showed the best results, whereas the
recovered CO, was only slightly better than the conventional
source. In addition, wastewater as a source of nutrients was
assessed and compared to freshwater with an external nutrient
source. The results showed that wastewater led to considerable
improvements. Soratana and Landis (2011) derived similar con-
clusions: wastewater as a nutrient source significantly reduced the
impact with regard to acidification, eutrophication and smog for-
mation, as well as ozone depletion, compared to the use of fertil-
isers as a nutrient source. Using flue-gas from a power plant as a
carbon dioxide source reduced the global-warming potential

considerably, whereas it had only a minor impact on acidification
and smog formation. The results of flue-gas, compared to conven-
tional CO,, were similar for eutrophication and ozone depletion.
Compared to terrestrial plants, microalgae are often disadvanta-
geous in terms of resource consumption, energy-demand, marine
ecotoxicity, freshwater eutrophication, terrestrial acidification,
ionising radiation, ozone depletion and global warming (Bussa
et al,, 2019a).

Stiles et al. (2018) demonstrated the potential of cultivating
microalgae on digestates from an anaerobic digestion (AD) plant.
The consistency and security of biomass supply are highlighted as
essential factors for a successful implementation. For the economic
competitiveness of the proposed system, a maximised on-site uti-
lisation of products is recommended.

Border regions are often characterised by a lower level of
attractiveness, higher unemployment rates and poorer infrastruc-
ture. Despite of the ongoing process of European market integra-
tion, many border regions suffer from a socioeconomic
underperformance compared to national results. Peculiarities of
the Bavarian-Czech border region are the different states of
development of both countries and high wage differences. The
Czech Republic is classified as less development region in the Eu-
ropean Union with the exception of the area of Prague, while
Bavaria belongs to the more developed regions (Brandmiiller et al.,
2018). However, the majority of the structurally weaker districts in
Bavaria, where a special need for action was identified, are located
in the Bavarian-Czech border region (Koch, 2018).

The present study aims to address the current drawbacks of
microalgae cultivation and to evaluate if the technology has the
potential to enable the participation of structurally weaker regions
in the economic transition. The hypothesis is that integrating
microalgae cultivation with regional bio-based waste-streams
burdens the environment less than conventional cultivation where
the national electricity mix and inorganic fertilisers are used to feed
the microalgae. The LCA method was used to compare the envi-
ronmental consequences of different supply chains for energy,
carbon dioxide and nutrients. Furthermore, a geospatial analysis
was used to assess the biomass supply security in the Bavarian-
Czech border region. Lastly, the LCA results and the biomass
availability were used to map suitable locations for the integrated
microalgal cultivation in the region under investigation.

2. Methods & methodology

The applied methodology was based on a step-by-step approach
with, firstly, the analysis of different substrates using the life-cycle
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approach, followed by the evaluation of substrate availability and
mapping of the most suitable locations for cultivation facilities.

2.1. Life-cycle assessment

2.1.1. System boundaries and functional unit

Fig. 1 shows the system boundaries for the reference scenario.
Since the microalgal biomass is an intermediate product, with
various possible downstream conversion processes currently under
research, a cradle-to-gate approach was chosen to evaluate the
environmental burden of 1 kg dry disintegrated microalgal biomass
using current technology. Chlorella vulgaris is cultivated in open
raceway ponds and concentrated by centrifugation. The concen-
trated biomass is then disintegrated and cooled before the
remaining water is removed in a spray dryer. Disintegration aims to
fragment the cell structure of the biomass with the intention of
increasing the efficiency of downstream processes. The German
electricity mix and inorganic fertilisers are used for the provision of
electricity and nutrients. The required CO; is produced industrially
as a by-product of other chemicals. The facility infrastructure of the
cultivation system is omitted due to the lack of data. However, its
impact would be the same for all of the scenarios.

Three alternative process designs are compared within the
reference scenario (Fig. 2). In all systems, the biomass substrate is
converted into biogas and digestated by means of anaerobic
digestion. The microalgae are fed with the digestate in order to
meet their nitrogen (N), phosphorous (P) and potassium (K) needs.
In the case of excess digestate, the residues can be used as organic
fertiliser in agriculture. If the digestate is insufficient to provide all
the required nutrients, additional urea and P-, as well as K-fertiliser,
are added. In system 1 and system 2, the biogas is purified to bio-
methane, which is combusted in a co-generation unit. The sepa-
rated CO; is injected into the cultivation pond. Both systems differ
in scaling: in system 1, the energy-demand, in terms of heat and
electricity, is covered and conventional CO5 is injected to close the
gap in the CO; supply, whereas, in system 2, the CO; requirements
of the microalgae are met. In system 3, the biogas is combusted in a
co-generation unit without upstream purification. The same CO,
source as in the reference scenario is used. In all the systems, the
excess electricity is fed into the grid, while, in system 2, excess heat
for potential downstream processes is also available. Four different
biomass substrates were considered as feed for the AD process:

Q
£
|

municipal biowaste, sewage sludge, cattle manure and swine
manure. The substrates are defined as waste products, thus, they
substrates have no environmental burden.

2.1.2. Life-cycle inventory

The data for the reference scenario is based on calculations. The
upscaling of measured lab-scale data is calculated from values
available in literature and expert opinions. Ecoinvent v3.5 conse-
quential was used as database to model the background system. For
electricity, country specific data for Germany was used, for heat,
water and CO, supply, average European data was used whereas
global average data was used for the supply of nutrients. For the
biowaste scenarios, the ‘biowaste, to anaerobic digestion’ dataset,
as presented in Jungbluth et al. (2007), was adjusted in accordance
with the process system specified in this paper. For the calculation
of the sewage sludge scenarios, the ‘biogas, from sewage sludge’
dataset of Jungbluth et al. (2007) was reconstructed in SimaPro. The
biogas production of sewage sludge was taken from Mills (2015),
and information on the nutrient content was provided by
Wendland and Attenberger (2009). The dry-matter content of the
sludge was assumed as 5% based on information of Bavarian au-
thorities (LfU Bayern, 2018). The cattle, as well as the swine manure
datasets are based on Jungbluth et al. (2007) and Edelmann et al.
(2001). Average nutrient contents of the digestates were obtained
from German authorities (Landwirtschaftskammer Schleswig-
Holstein, n.d.). Depending on the biogas potential and the diffu-
sion of the substrates different transportation models were used.
Sewage sludge is the only considered substrate accruing at a point
source; biowaste and manure have a diffuse distribution leading to
longer transport distances. For sewage sludge it is assumed, that
the biogas plant is located next to the wastewater treatment plant
and hence, transportation can be avoided. More electricity can be
generated from the manure of one cattle than from one pig (Dohler,
2013), hence for the same amount of electricity produced manure
from a larger amount of pigs is required. Therefore, it is assumed
that swine manure needs to be collected from a larger catchment
ares resulting in longer transport distances. For biowaste, the same
distances as for swine manure is assumed since it needs to be
collected in residential areas and then conveyed to the biogas plant
further afield. Table 1 presents an overview of the key character-
istics of the substrates. The data provided by EMPA (2009) were
used to model the biogas purification process in SimaPro. Ecoinvent
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Fig. 1. System boundaries of the reference scenario with colour code indicating data source. (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)
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System 1: Biomethane co-generation with biogas purification covering energy demand

Fertiliser
(depending on substrate)

Electricity

f

Co-generation

Electricity, Heat

Substrate —— | AI’.Iaerc.)blc > B.n.)gas'
a) Biowaste digestion purification
b) Sewage sludge Digestate co,
c) Cattle manure (N, P, K) CcO,
d) Swine manure e v
- Microalgae
R cultivation
utrients ——— |
(depending on substrate) ¢
Biomass

System 2: Biomethane co-generation with biogas purification covering carbon dioxide demand

Fertiliser
(depending on substrate)

Electricity Heat

Anaerobic Biogas .
Substrate | . > 10gas » Co-generation
a) Biowaste digestion purification
b) Sewage sludge Digestate co,
c) Cattle manure
! (N, P, K)
d) Swine manure \
I\/Iicroalgae Electricity, Heat
, "] cultivation |
Nutrients ——
(depending on substrate)
Biomass
System 3: Biogas co-generation without purification
Fertiliser
(depending on substrate) Electricity
Anaerobic :
Substrate | dicesti » Co-generation
a) Biowaste igestion
b) Sewage sludge Digestate co,
c) Cattle manure
. (N, P, K)
d) Swine manure
Microalgae Electricity, Heat
i " cultivation N
Nutrients —— ——p|
(depending on substrate) ¢
Biomass

Fig. 2. Process designs of microalgae cultivation combined with anaerobic digestion.

Key characteristics of biomass substrates.

62

N P
g/kg digestate

g/kg digestate

K

g/kg digestate

Transport distance

km
Biowaste 5.17° 1.59% 4.92° 30
Sewage sludge 0.52° 0.70° 0.17° 0
Cattle manure 1.74¢ 0.65° 3.24° 10
Swine manure 2.45° 0.74° 1.99¢ 30

2 Calculated, based on Jungbluth et al. (2007).
b Calculated, based on Wendland and Attenberger (2009).
¢ Calculated, based on Landwirtschaftskammer Schleswig-Holstein (n.d.).
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datasets for co-generation were used to model the energetic
valorisation.

Since the quantity of produced by-products and excess inter-
mediate products varies considerably between the different sce-
narios, the substitution approach was used to consider the by-
products. Inorganic fertilisers were used as substituted products
by the excess digestate. Excess heat was incorporated as the avoi-
ded production of heat from natural gas and for excess electricity
the German production mix provided by Ecoinvent was used.

2.1.3. Life-cycle impact assessment

ReCiPe 2016 Endpoint v1.02 in the hierarchist version was used
as the life-cycle impact assessment method with SimaPro 9.0.0.29,
since it is based on up-to-date modelling and allows the identifi-
cation of the influence of midpoint indicators on the results. The
present study analyses all the available areas of protection within
ReCiPe 2016: human health, ecosystem quality and resources, as
well as the contribution of the available midpoint categories:
global-warming potential (GWP), ozone layer depletion potential
(ODP), ionising radiation (IR), photochemical oxidant formation
potential (POFP), particulate matter formation (PMF), terrestrial
acidification (TAP), freshwater eutrophication (FEP), marine
eutrophication (MEP), terrestrial ecotoxicity potential (TETP),
freshwater ecotoxicity potential (FETP), marine ecotoxicity poten-
tial (METP), human carcinogenic toxicity potential (HCTP), human
non-carcinogenic toxicity potential (HNCTP), land use (LU), mineral
resource depletion (MRD), fossil resource depletion (FRD) and
water consumption (WC).

2.14. Sensitivity analysis

The nutrient content of biomass substrates is subject to large
fluctuations caused by various aspects, e.g. feed or livestock man-
agement for manure (Landwirtschaftskammer Niedersachsen,
2006), and the catchment areas for sewage sludge (Kiigler et al.,
2004). Thus, the results were tested for sensitivity to nutrient
content. A minimum and a maximum nutrient content scenario
was therefore defined for each substrate, based on fluctuation
margins found in literature (see Table 2). No nutrient loss was
assumed for the anaerobic digestion process.

In order to test the sensitivity of the results to the process pa-
rameters of the alternative system designs, a Monte Carlo simula-
tion of the foreground system was performed. For this, the
uncertainties of the process, which were identified as key driving
forces, were calculated based on the pedigree-matrix approach. A
Monte Carlo simulation of each alternative, compared to the
reference scenario, was calculated to evaluate the environmental
performance of the three different process designs. A confidence
interval of 95% was defined for further analysis of the Monte Carlo
results.

Table 2
Minimum and maximum nutrient content.

Maximum nutrient content
(in g/kg digestate)

Minimum nutrient content
(in g/kg digestate)

N P K N P K
Biowaste 0.0168* 0.0052° 0.0164* 0.0678" 0.0240° 0.073°
Sewage sludge  0.0000° 0.0970° 0.0260° 0.9500° 3.9440° 0.5065"
Cattle manure  1.05¢ 0.35¢ 2.08¢ 5.24¢ 2.66° 9.38¢
Swine manure  1.83¢ 0.35¢ 1.49¢ 4.46° 3.49¢ 6.89¢

2 Calculated, based on Jungbluth et al. (2007).

b Calculated, based on Kiigler et al. (2004) and assuming DS = 5%.

€ Calculated, based on Landwirtschaftskammer Niedersachsen (2006).

d Calculated, based on Landwirtschaftskammer Schleswig-Holstein (n.d.).

2.2. Geospatial analysis

The Bavarian-Czech border region, as defined by the European
Union, is composed of the region of Plzen, Karlovy Vary and South
Bohemia in the Czech Republic, as well as of the 16 Bavarian dis-
tricts: Amberg-Sulzbach, Bayreuth, Cham, Deggendorf, Freyung-
Grafenau, Hof, Kronach, Kulmbach, Neustadt an der Waldnaab,
Passau, Regen, Regensburg, Schwandorf, Straubing-Bogen, Tir-
schenreuth and Wunsiedel im Fichtelgebirge, and included the
independent cities within this area (Fig. 3) (Bavarian Ministry of
Economic Affairs, Regional Development and Energy, n.d.).

2.2.1. Analysed substrates

Based on the LCA results, a geospatial analysis of the substrates
with the lowest impacts was performed. Therefore, data on the
geospatial availability as well as on the annual biogas potential of
the substrates were collected. ArcMap 10.3.1 was used for the
analysis of the spatial distribution of the considered substrates.

2.2.1.1. Manure. The availability of swine and cattle manure was
estimated based on the livestock of pigs and cattle in the region.
The Gridded Livestock of the World (GLW) database, provided by
FAOSTAT, contains spatial livestock densities. The GLW database is
based on the data of Gilbert et al. (2018a) for cattle stock and on
Gilbert et al. (2018b) for pig stock. The database has a cell resolution
of 0.083333 decimal degree, which is equal to around 130 km? in
the considered area. A colour-coded map was generated showing
the density of cattle and pigs in the region under investigation. This
information were spatially joined with the considered districts and
normalised by the district area to calculate average data for each
district since district-level was the most detailed administrative
level available for both countries. Data from Edelmann et al. (2001)
were used to calculate the annual biogas potential per cattle, while
the annual biogas potential for pigs is based on number given by
Dohler (2013) and EMPA (2009).

2.2.1.2. Sewage sludge. Data on the locations and size of urban
wastewater treatment plants (UWWTPs) were used to predict the
availability of sewage sludge. For this, the data from European Ur-
ban Wastewater Treatment Directive, available through DG ENV
and EEA (2017), was used. Small UWWTPs (population equiva-
lent < 10,000) were excluded from the analysis, since it is assumed
that they have no digestion tanks to produce biogas. A map with
colour-coded symbols was developed to show the UWWTP ca-
pacity distribution in the region under investigation. Since
UWWTPs are point sources of substrate circular subareas with
200 km? were introduced around the UWWTPs instead of calcu-
lating a district-level average. Average values of annual sewage
sludge production per population equivalent (p.e.), provided by
German authorities (Statistisches Bundesamt and DWA-
Arbeitsgruppe KEK-1.2 ,Statistik (2015)) and data for the biogas
potential of sewage sludge from Mills (2015) were used to deter-
mine the annual biogas potential per p.e.

2.2.2. Evaluation of substrate availability

The spatially joined data and the annual biogas potential of the
analysed substrates were used to develop a graphical tool for
calculate the maximal integrated algal biomass production.
Therefore, the normalised annual biogas potential (NABP) was
calculated according to the following equation, where UWWTPc;;
is the capacity of UWWTPs in p.e. and C and P are the average cattle
and pig stock per km?.
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Based on the life cycle inventory data, the volume of biogas
required for the cultivation of 1 kg microalgal biomass was deter-
mined. System 1 requires 2.7 m3/kg, system 2 5 m>/kg and system 3
2.8 m3/kg. The NABP of the district or subarea was then divided by
the biogas requirements of the different systems to obtain the
maximal integrated algal biomass production for each production
system.

2.2.3. Mapping of suitable locations

Since system 1 had the lowest substrate requirements, the
normalised cultivation potentials of the 40 analysed districts were
used for the development of a color-coded map indicating the
suitability of the districts for integrated microalgae cultivation. The
potential normalised outputs were classified in five categories: very
low potential (0—1.5t/km?yr), low potential (1.51—3.0 t/km?yr),
medium potential (3.01—4.5 t/km?yr), high potential (4.51-6.0t/
km?yr) and very high potential (6.01—7.5 t/km?yr). For the nor-
malised production level on district level, only the manure avail-
ability was considered. The normalised UWWTP capacity was
calculated for the subarea and added to the normalised manure
availability of the district the subareas are located in. The potential
changes in output class caused by partially overlapping subareas
has also be taken into account where necessary. The subareas are

only shown in the map, if their potential annual output fell in other
categories as the potential output of the district.

3. Results
3.1. Life-cycle assessment

An individual analysis of each area of protection is presented in
the next sections. For this, the overall results, the contribution of
midpoint categories, as well as the influence of the required in-
termediate products, were taken into account. Afterwards, the
sensitivities of the results are evaluated. The results at midpoint
level are shown in the supplementary information.

3.1.1. Human health

All the scenarios had a lower impact on human health than the
reference scenario. System 3 scenarios had the highest impact for
all the substrates, and system 2 the lowest, because in system 2
more carbon dioxide emissions were saved due to the avoided
production of heat and electricity. System 3 requires more biogas to
cover the electricity demand of the cultivation system and thus,
more harmful substances are emitted during the anaerobic diges-
tion. In terms of substrates, sewage sludge had the lowest burden
for system 1 and 3 due to lower ammonia emissons in the anaerobic
digestion step, whereas swine manure had the lowest conse-
quences for system 2. The better performances of swine manure in
system 2 is caused by its high nitrogen content resulting in the
avoided production of N-fertiliser. The saved waterborne zinc
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emissions occurring during the production of N-fertiliser out-
balanced the higher ammonia emissions during the anaerobic
digestion of swine manure. For cattle manure, the effect was
similar, but less pronounced due to its lower nitrogen content.
Biowaste had the highest impacts in all the systems since its ni-
trogen content is too low to replace fertilisers and hence, the
ammonia emissions of the anaerobic digestion could not be
compensated.

The key driving force was the impact on health caused by global
warming and fine particulate matter formation. For system 2 pro-
cess of cattle and swine manure, fine particulate matter formation
was the main driving force of the negative impact on human health
(see Fig. 4).

Global warming and fine particulate matter formation were the
most important impact categories, whereas human toxicity po-
tential — both carcinogenic and non-carcinogenic — were of minor
importance. The impact of stratospheric ozone depletion, ionising
radiation, ozone formation as well as water consumption on human
health was negligible.

The reference scenario had the highest global warming poten-
tial. For system 1 and system 3, sewage sludge had the lowest
global-warming potential due to the lower methane emission in
the anaerobic digestion, followed by cattle manure and swine
manure, whereas, for system 2, cattle manure performed best,
followed by sewage sludge and swine manure, which performed
almost equal. The higher nutrient content resulting in the substi-
tution of fertiliser caused the better performance of manure in
system 2. Swine manure had higher transport emissions and thus,
was less favourable than cattle manure. In terms of process designs,
system 2 had the lowest burden for all the substrates, and system 3
the highest.

The fine particulate matter formation was the highest for system
3 with cattle manure followed by the reference scenario and system
3 with swine manure, which showed similar results. For a given
process design, sewage sludge was the substrate with the lowest
fine particulate matter formation, followed by biowaste and swine
manure. The high ammonia emissions during the anaerobic
digestion were the reason for the poorer performance of biowaste
and manure. Despite the higher ammonia emissions in system 2
caused by the larger biogas requirements, system 1 and system 3
were less favourable. This can be explained, by the emission of
particulates <2.5 um in the production of COs.

The reference scenario had the highest carcinogenic toxicity
potential. The substrates ranged in the same order for each process
design: swine manure had the lowest potential, followed by cattle
manure, sewage sludge and biowaste. The reason for the good
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performance of manure were the avoided waterborne chromium VI
emissions of the N-fertiliser production. Sewage sludge showed a
better result than biowaste, because its internal electricity con-
sumption is lower and hence, more waterborne chromium VI
emissions occurring in the supply chain of wind turbines were
avoided. For all substrates, system 2 had the lowest burden since
higher amounts of co-products replacing the production of N-fer-
tiliser and electricity are produced.

For the non-carcinogenic toxicity potential, the substrates
behaved in the same way as for carcinogenic toxicity. The main
reasons for the different results of the substrates were the different
nutrient contents of the substrates as well as differences in the
internal electricity consumption of the anaerobic digestion process.

3.1.2. Ecosystem quality

The trends for ecosystem quality were similar to the ones for
human health: all the scenarios outperformed the reference sce-
nario; system 2 had the lowest impact on ecosystem quality, while
system 3 had the highest burden. Sewage sludge had the lowest
impact of all the process designs, whereas biowaste had the high-
est. The losses of ecosystem quality were mainly caused by global
warming in all the biowaste scenarios, as well as for system 1 and
system 3 scenarios of the remaining substrates. For the manure-
based scenarios, terrestrial acidification was almost equally
important to the global warming in system 1 and system 3, and the
main cause of ecosystem quality loss in system 2. For sewage sludge
with system 2, water consumption was the key driving force
(Fig. 5).

Land use, freshwater eutrophication, as well as ozone formation,
had a lower impact on ecosystem quality. Water consumption
played a minor role in terrestrial ecosystem quality, but was
negligible for aquatic ecosystems. Furthermore, ecotoxicity for all
the ecosystems, marine eutrophication and the impact of global
warming on freshwater ecosystems were negligible.

As for the impact of global warming on human health, the
reference scenario showed the most disadvantageous result. For
system 1 and system 3, sewage sludge had the lowest global-
warming potential, followed by cattle manure and swine manure,
whereas, for system 2, cattle manure performed best. As regards to
the process design, system 3 approach showed the poorest results
and system 2 the best. The reasons for the different results of the
substrates and systems are the same as for the human health im-
pacts caused by global warming.

Sewage sludge had a lower terrestrial acidification potential
than the reference scenario; cattle manure led to the highest scores,
followed by swine manure and biowaste. The unfavourable results

mGWP
PMF

B HNCTP

HCTP
mWC
m POFP

IR
m ODP

& Total

Cattle Swine

Fig. 4. Contribution of midpoint categories to human health impact in disability-adjusted life years (DALY).
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Fig. 5. Contribution of midpoint categories to ecosystem quality losses.

of biowaste and manure can be traced back to the ammonia
emissions during the anaerobic digestion. System 2 was the worst
design approach for manure, where system 1 had slightly better
results than system 3. The reason for the poor performance of
system 2 were the higher biogas demand of the system leading to
higher ammonia emissions, which could not be compensated by
savings of acidifying emissions from the co-products. For sewage
sludge, system 2 showed the best results, and system 3 the worst,
since in system 2 excess heat is produced substituting heat pro-
duced from natural gas. System 1 performed best for biowaste due
to its lower ammiona emissions compared to system 2 and system
3 as well as lower sulphur dioxide emissions occurring in the
production of CO, compared to system 3.

The reference scenario was outperformed by all the other al-
ternatives for the impact of ozone formation on terrestrial eco-
systems. The results for biowaste and sewage sludge were in the
same order of magnitude. The manure scenarios performed better,
whereby swine manure had the lowest scores of all the systems.
Manure performed better due to the avoided nitrogen oxides
occurring emitted during the production of N-fertiliser, while bio-
waste and sewage sludge required additional nitrogen causing the
emission of additional nitrogen oxides. In terms of process designs,
system 2 approach had the most, and system 3 the least promising
results due to the higher substitution of N-fertiliser and heat from
natural gas in system 2.

For freshwater eutrophication, all the four substrates performed
better than the reference scenario. Out of the four substrates, bio-
waste showed the highest impacts followed by sewage sludge,
cattle and swine. Manure showed the best results due to its ni-
trogen content allowing the substitution of N-fertiliser and thereby
saving phosphate emissions. Despite its higher demand for addi-
tional nitrogen, sewage sludge had a lower freshwater eutrophi-
cation potential than biowaste because its lower internal electricity
demand during the anaerobic digestion resulted in a higher pro-
duction of excess electricity. As regards the system approaches,
system 3 performed the worst, and system 2 the best for all the
substrates.

All biowaste systems as well as system 1 and system 2 of the
other three substrates had higher land use impacts than the
reference scenario, while system 3 with sewage sludge and manure

had lower impacts. For all substrates, system 2 had the highest
impacts and system 3 the lowest. The higher land use impacts of
system 1 and system 2 are caused by the supply chains of the
anaerobic digestion plants and the biogas purification unit. Bio-
waste is the only substrate performing worse than the reference
scenario with system 3, because of higher land use impact caused
by transportation compared to sludge. Manure with system 3
showed advantageous results due to the avoided land use impact
caused by the production of N-fertiliser.

In terms of water consumption, the reference scenario was the
worst option. The substrates with the lowest water consumption
impact were, in increasing order: swine, cattle, biowaste and
sewage sludge. The main reason for the different results were the
differences in the nitrogen content of considered substrates. Swine
manure, which contains the most nitrogen, substituted more N-
fertilizer than cattle manure and could thus, save more water.
Sewage sludge required more additional nitrogen than biowaste
resulting in higher water consumption impacts. As for the most
impact categories, system 2 was the best approach and system 3 the
worst for all the four substrates.

3.1.3. Resources

Fig. 6 shows that all the scenarios consumed fewer resources
than the reference scenario. Furthermore, a similar trend with
respect to process designs was observed as for the other two areas
of protection: system 2 was the process design with the lowest
impact, and system 3 had the highest impact of all the considered
substrates. Swine and cattle manure were the substrates with the
lowest resource depletion due to their higher nutrient content.
Sewage sludge caused a similar resource depletion as biowaste. For
all the scenarios, the fossil resources depletion was the main issue,
both in terms of caused and avoided impact.

In terms of the depletion of resources, the heat required for the
anaerobic digestion and purification in system 1 and system 3 was a
major factor in all the considered scenarios as well as the produc-
tion of CO,. In all the sewage sludge scenarios as well as for system
1 and system 3 with biowaste, the production of urea was also a
non-negligible factor, whereas, in all the other scenarios, the sub-
stitution of inorganic fertilisers by excess digestate was an impor-
tant positive aspect. The excess production of electricity in all
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Fig. 6. Contribution of midpoint categories to resource depletion.

systems as well as the excess production of heat in system 2 was a
reducing factor for the environmental burden.

3.14. Sensitivity analysis

As can be seen in Fig. 7 a-c, biowaste was outperformed by
swine manure in human health and ecosystem quality, even if the
maximum nutrient content was assumed for biowaste and the
minimum nutrient content for swine manure. For resources, bio-
waste showed only better results than swine manure if the nutrient
content is very high for biowaste and low for swine manure.
However, both substrates perform considerably better than the
reference scenario in terms of resources. Hence, biowaste was
excluded from further geospatial analysis. The results varied greatly
between the minimum and maximum nutrient content for manure
substrates, whereas the variation between the minimum and
maximum nutrient content for sewage sludge was rather low. Since
the results for sewage sludge were within the range of possible
results for cattle and swine manure, the previously derived
conclusion that sewage sludge had the lowest impact on human
health and ecosystem quality was not corroborated. Manure sub-
strates were better than sewage sludge for resources. For all three
substrates, system 2 process design had the lowest impact in all the
areas of protection for a given nutrient content.

The variation in nutrient content had only a small effect on the
performance of the alternative scenarios compared to the reference
scenarios in the midpoint categories. The midpoint results of all the
scenarios are shown in the supplementary information.

Fig. 8 shows that the exclusion of biowaste from further geo-
spatial analysis, due to its disadvantageous performance, was
confirmed by the comparative Monte Carlo simulation. For all the
areas of protection, the results for all three systems with sewage
sludge and manure indicated the reference scenario as non-
beneficial.

3.2. Geospatial analysis

3.2.1. Substrate availability

326 urban wastewater treatment plants (UWWTP) were found
in the project region. Four of them are very large facilities with
more than 300,000 p.e.; they are located near the biggest cities in
the region (Regensburg, Plzen and Budweis (2)). Six large UWWTPs,

with a p.e. of between 100,001 and 300,000, are situated in the
German area of the region. Moreover, 16 medium-size facilities,
with 50,001 to 100,000 p.e., and 33 small UWWTPs, with 20,001 to
50,000 p.e., are based in the considered region. Additional 57
UWWTPs, with more than 10,000 p.e., are located in the border
region. 210 of the UWWTPs have a capacity of 10,000 p.e. or less
(Fig. 9a).

Most of the region under investigation is characterised by a
rather low density of cattle. In 41% of the area 1000—2000 cattle per
130 km? and in 24% less than 1000 cattle per 130 km? were found.
Between 2000 and 3000 cattle per 130 km? were present in 27% of
the region. More than 3000 cattle per 130 km? were found in 8% of
the area, while more than 4000 cattle per 130 km? were only
present in 1% of the region. The highest density of cattle-stock was
found in the Cham district in the centre of the German part of the
region under investigation. In general, the cattle-stock in the
German districts is higher than in the Czech ones (Fig. 9b).

Almost three-quarter of the region under investigation (74%)
have a pig stock density lower than 2000 pigs per 130 km?. Around
a fifth of the region (19%) is characterised by a density of
2000—4000 pigs per 130 km?. The remaining 7% of the region were
split in areas with 4000—6000 pigs per 130 km? (2%), 6000—8000
pigs per 130 km? (3%) and more than 8000 pigs per 130 km? (2%).
Pig farms are concentrated in the south-western part of the region
(Fig. 9c).

3.2.2. Microalgae cultivation potential

The geospatial analysis showed a maximum potential of 0.21
million tons dry mass of microalgal biomass can be cultivated in
system 1 using all the available biomass substrates. With system 3,
the maximum potential is with 0.20 million tons slightly lower,
while only 0.11 million tons can be cultivated with system 2 (see
Table 5 in the supplementary information). The subarea of the
UWWTP in the district Cesky Krumlov is one of the areas with the
highest potential. The subarea has anormalized p.e. of 2300
resulting in 16,560 m> biogas annually as indicated by the green
line in the top-left quarter of Fig. 10. The normalised cattle stock is
represented by a set of curves in the bottom-left quarter. The
subarea has a cattle stock equal to 7 cattle/km?, which leads to an
annual biogas availability of 19,350 m?/km?. The pig stock is 2 pigs/
km? resulting in 19,419 m? biogas annually as shown in the bottom-
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Fig. 7. Results of minimum and maximum nutrient content for human health (a), ecosystem quality (b), and resources (c). The upper-end of the error bar indicates the results for
the minimum nutrient content, the lower-end of the error bar the maximum nutrient content. The bars represent the results of the average scenarios.

right quarter. This leads to an annual microalgal cultivation po-
tential of 3.9-7.2t/km?yr depending on the selected system
represent by the set of curves in the top-right quarter. The district
Amberg reached with 3.5—6.4 t/km?yr similar results, however the
biomass availability was animal driven with densities of 41 and 32
for cattle and pigs respectively. The values for the other districts
and subareas can be found in the supplementary information. The
graphic further shows that small shifts in the cattle stock have large
effects on the microalgae cultivation potential, while shifts in the
UWWTP size and pig stock have rather low influences on the result.
This is explained by the different biogas potentials for sewage
sludge and manure as well as by the differences in manure

production of cattle and pigs. The selection of system 2 consider-
ably reduces the microalgae cultivation potential compared to
system 1 and system 3, due to the larger scale of the required biogas
plant accompanied by a higher demand for biomass substrates. The
nomogram is based on the average biogas potential of the three
different substrates and useable for locations outside of the region
under investigation as long as the average biogas potential is
similar.

3.2.3. Suitable locations
In the Czech part of the region under investigation three
UWWTP subareas had a very high potential for integrated
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48.5% of the total area. 34% of the model region showed a very low

potential.

microalgae cultivation accounting for 1.2% of the Czech area.

Amberg, which has the highest cattle

Whereas in the German part,

and two UWWTP subareas showed a

very high potential also accounting for 1.2% of the German area.

density in the model region,

3.3. Synthesis of results

Five subareas and one overlay area of the two subareas spread
throughout the German part have a high potential. They make up

This work aimed to evaluate the environmental potential of

integrating microalgae into the regional economy of the Bavarian-
Czech border region. Since electricity consumption and CO; pro-
vision had been identified as crucial driving forces in previous

studies,

of the total region under investigation.

In almost one third of the German area (32.6%) a medium potential
for integrated microalgae cultivation were found. All German dis-

2% of the German and 0.9%

alternative supply chains, based on biogenic waste-

trict with medium potential were in the south of the model region

streams,

while the 19 subareas with medium potential are mainly aggre-

were assessed in respect of their environmental impact,
as well as their availability in the region. Although this study clearly
indicated a preference for coupling microalgae cultivation with AD

one subarea

showed a medium potential making up 0.4% of the Czech area. A
low potential was found in 20 districts and nine subareas ac-

gated in the central German districts. In the Czech part,

in terms of environmental impact,

the best alternative,
cannot be identified. Municipal biowaste was excluded from the list

processes,

of the Czech part and

%

counting for 55.7% of the German part, 42.3
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Fig. 9. Geospatial analysis of Bavarian-Czech border region for UWWTP (a), cattle-stock (b), pig-stock (c). One pixel equals around 130 km?.

of possible substrates due its poor performance in the LCA. Since
the availability of swine manure is limited in the region under
investigation, the environmental performance of integrated
microalgal cultivation facilities is driven by the use of sewage
sludge and cattle manure. Fig. 12 summarises the LCA results of
these two substrates compared to the reference scenario.

All the sewage sludge and cattle manure scenarios can be found
in the top-right of the zero position in of Fig. 11, which means that
they are preferable alternatives compared to the reference scenario
as they reduce the environmental burden in all the areas of pro-
tection. The cattle manure scenarios are more widely spread
throughout the diagram than the sewage sludge scenarios, due to
their higher variability of nutrient content.

Only 2.1% of the region under investigation have a high or very
potential, mainly driven by high-capacity UWWTPs. 15.3% of the
region have a medium potential, largely determined by the manure
availability. More than four fifth of the region showed a low or very
low potential. With more than 98% low or very low potential, the
Czech part differs considerably from the German part, where more
than 35% have medium or better potential. It was further shown,
that despite being the most promising system from an environ-
mental perspective, system 2, only a few areas of the model region
have biogas potential high enough to fulfil the requirements of
system 2.

4. Discussion
4.1. Life-cycle assessment

As in the work of Collotta et al. (2018) and Soratana and Landis
(2011), it was found that changing the CO,source reduces the
environmental consequences of microalgae cultivation. The results
for all the substrates confirmed that using separated CO; (system 2)
had the lowest environmental impacts, followed by a mixture of
both sources (system 1) and conventional carbon dioxide only
(system 3). Further, the positive impact of replacing industrial fer-
tilisers by nutrient-containing waste-streams could be demon-
strated. The utilisation of the digestate from the anaerobic digestion
process as a nutrient source explains the differences in the per-
formance of biogas as an energy source in this study and in the
study conducted by Jez et al. (2017), where the digestate was not
treated as a valuable by-product.

Changing the supply chains of the intermediate products
influenced the midpoint results for impact categories identified as
critical for the environmental competitiveness of microalgae with
terrestrial plants by Bussa et al. (2019a). However, for terrestrial
acidification, manure was disadvantageous, whereas sewage sludge
reduced the impact. The AD scenario with sewage sludge showed
great potential for increasing the environmental competitiveness of
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Fig. 10. Nomogram to calculate microalgae cultivation potential.

microalgae with terrestrial plants in all critical impact categories.
The same applies to the AD scenarios with manure with the
exception of terrestrial acidification, which impacts was raised due
to the use of manure.

There are two major limitations in this study, which should be
addressed in future research. The first is the data quality. To reduce
the uncertainty of the LCA results, more site-specific data on the
biochemical substrate composition regarding nutrients, energy
content as well as contaminants are necessary. Moreover, the
relationship of input composition and process emissions of the
anaerobic digestion are required to assess the effects of changes in
the input on the results of the LCA in detail. The second limitation
concerns the assumption that changes in the nutrient and carbon
source have no effect on the growth and uptake rate nor the
biochemical composition of the biomass. A lower growth will in-
crease the energy consumption of the system to produce the same
output, while a lower uptake rate will reduce the quantity of
substituted fertilisers or increase the demand for additional
nutrient provision. Changes in the biochemical composition can
affect the potential downstream processes and application of the
microalgal biomass.

4.2. Geospatial analysis

The aim of the geospatial analysis was to find locations within
the considered region, where the substrate availability for the
process with the lowest environmental burden is given. The main
limitation of the geospatial analysis is that the estimation of sub-
strate availability is based on cattle and pig-stock. As the amount of
manure per animal, and its energetic value, depend on many factors
varying from farm to farm, the animal density is insufficient for a
high-accuracy estimation. Scarlat et al. (2018) conducted a detailed
analysis of biogas potential in Europe considering cattle, pigs,
sheep, goats and poultry manure as feedstock. For this, geospatial
data of the GLW database was combined with statistical data on
livestock density and age. The results show the theoretical biogas
potential, and the realistic biogas potential, based on the collected
manure per square kilometre. For the Bavarian-Czech border re-
gion, the realistic biogas potential, calculated by Scarlat et al.
(2018), is mainly 0.1—0.25TJ/km?. For the district of Passau, as
well as in Cham, Straubing-Bogen and Regen in the southwest of
the target region, a biogas potential of 0.25—0.5TJ/km? was
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calculated. These areas are identical with the hotspots of cattle and
pig-stock density identified in this study. In the area of Plzeo and
the western part of South Bohemia, a biogas potential of less than
0.1 TJ/km? was identified by Scarlat et al. (2018). In this study, these
areas were characterised by a very low stock of cattle and pigs.
Hence, the geospatial results of this study were supported by the
analysis of Scarlat et al. (2018).

The uneven distribution of biomass substrates within a district
can bias the results. More accurate results can be derived if larger
regions are split into smaller subareas, where average distributions
of substrates are close to reality. Since the cattle stock distribution
has the highest effect on the results, subareas should be designed
according to the cattle density instead of using authority bound-
aries. It further needs to be highlighted, that a low potential does
not mean that integrated microalgae cultivation is not possible.
However, it requires larger transportation distances for substrates
or digestate reducing the environmental benefits while increasing
the economic burden.

Moreover, the geospatial analysis did not give any information
about the current use of the substrates and the effects integrated
microalgae cultivation could have on the current use. The major
portion of manure in Europe is spread as fertilizer on land (Foged
et al,, 2011) and thereby contributes to the nitrogen surplus. The
average nitrogen surplus in the Czech Republic in the years
2011—2015 was 81kgN per hectare and 78 kg N per hectare in
Germany (Eurostat, 2019b). The Sustainable Development Strategy
of the German Federal Government (2016) sets a target of 70kg N
per hectare on average for 2028. However, there are doubts
whether this value can be reached and whether the value is suffi-
cient to preserve the environment (German Environment Agency,
2019; German Federal Government, 2016) The management of
sewage sludge is a concern with growing importance in Europe due
to the increasing quantities of sewage sludge produced (Cieslik
et al,, 2015; Kliopova and Makarskiene, 2015). In the Czech Re-
public, sewage sludge is predominantly used as fertiliser in agri-
culture, while in Germany the vast majority of sludge is incinerated
(Eurostat, 2019c).The use of sewage sludge on land contributes
further to the nitrogen surplus. Incineration in contrast, is expen-
sive due to the required transport of sludge to incineration plants.
Moreover, only sludge with a high content of dry matter can be
incinerated energetically self-sufficient (Wiechmann et al., 2012).
Hence, using manure and sludge as nutrient source for microalgae
is a promising building block for the reduction of the nitrogen
surplus. Further, the integrated microalgae cultivation offers new
perspective for the management of sewage sludge.

Potential seasonal fluctuations in the availability of the sub-
strates are also not considered in the geospatial analysis. The low
variations in the monthly milk and meat production (Eurostat,
2019a, 2019d) indicate approximately constant livestock quanti-
ties throughout the year. The amount of sewage sludge produced
depend on the population living in the catchment area of the
UWWTP (Kliopova and Makarskiené, 2015). Hence, data on tourism
can serve as indicator for seasonal fluctuations in the population of
a region. Batista e Silva et al. (2018) analysed the tourism intensity
and seasonality in Europe. 18 of the 40 considered district are
characterised by low tourism intensity and seasonality. The three
districts with the highest tourism intensity (district 19, 21 and 22 in
Fig. 3) showed a low seasonality, while the districts with a high
seasonality (districts 27—33 in Fig. 3) had a low intensity. Only the
districts in the region South Bohemia (districts 34—40 in Fig. 3)
showed a high intensity and seasonality. Therefore, the annual
production potentials of the subareas in the region of South
Bohemia are likely to be overestimated and are not necessarily
higher than the cultivation potential of the district.

Further analysis of the results to narrow down the choice of

possible locations could focus on regional midpoint impact cate-
gories and their background concentration in the project region.
Except for the global-warming potential, the categories with the
main influence were regional impact categories: fine particulate
matter formation and terrestrial acidification. Furthermore, the
impact categories of minor importance, but non-negligible, such as
human toxicity issues, as well as freshwater eutrophication and
land use, are regional. Hence, the occurring emissions were able to
be classified into emissions of the background and foreground
system. The emissions of the foreground system could then be set
in relation to the geospatial information on background concen-
trations of harmful substances in the project region. For example, it
may not advisable to run a microalgal cultivation facility with
manure in an area where terrestrial acidification is already a
problem, or to use sewage sludge in a region with a high level of
particulate matter.

5. Conclusion

Microalgae have attracted considerable interest as feedstock for
the bioeconomy due to their variability of possible applications.
Integrating microalgae cultivation into the management of regional
bio-based waste streams can overcome the environmental draw-
backs of their cultivation and strengthen the position of structurally
weaker regions in a bioeconomy. Based upon the findings of the
LCA, it is concluded that a biorefinery concept of biogas plants
combined with microalgae cultivation can significantly increase the
environmental competitiveness of microalgal biomass if sewage
sludge or manure from cattle and pigs is used as feedstock for the
anaerobic digestion. A sensitivity analysis, addressing the limita-
tions of using average substrate characteristics, confirmed the
conclusion. The results are valid on European level since the
datasets most relevant for the results are of European or global
scale. Despite the use of proxy indicators for predicting the avail-
ability of manure and sludge, the results of geospatial analysis are
valuable for identifying characteristics of promising locations for
integrated microalgal cultivation. The results provided evidence for
the high potential of integrated microalgal cultivation in rural re-
gions with cattle farming and in areas with a higher degree of ur-
banisation, where large UWWTPs are in operation. For the model
region, the findings showed that the German part of the Bavarian-
Czech border region is better suited for integrated microalgal
cultivation facilities. Future research should consider the technical
feasibility of the proposed systems as well as their economic sus-
tainability and labour market effects.
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1. Introduction

One of the main challenges for the transition towards a sustainable
bioeconomy is to close the gap between biomass demand and supply
without (i) over-exploitation of available resources, (ii) increasing
greenhouse gas emissions of the economy, (iii) rising environmental
damages caused by land-use change, (iv) losing economic competitive-
ness [1]. Microalgal biomass has the potential to close the gap in a
sustainable way due to its exponential growth rates, possible year-round
production and independency of arable land [2]. Chlorella vulgaris
(C. vulgaris) is among the most cultivated microalgae and mainly consist
of lipids, proteins and polysaccharides, which can substitute numerous
products in different markets depending on their properties [3].

The fatty acid composition of lipids from C. vulgaris grown under
optimal growth conditions, without nitrogen deficiency enhancing lipid
production, consists mainly of palmitic acid, ALA, oleic and linoleic acid
[4-6]. These fatty acids are of special interest for the personal care in-
dustry. Palmitic acid as well as oleic acid enhances skin permeation and
thereby the percutaneous absorption of ingredients. Linoleic acid is
known for its skin moisturising properties as well as for curative effect
for skin diseases. a-Linolenic acid (ALA) has also been reported as an
ingredient for the treatment of acne [7].

The amino acid profile of the microalgal protein concentrate deter-
mined by Ursu et al. [8] as well as by Kulkarni and Nikolov [9] is
comparable to soybean protein and surpassed the FAO/WHO recom-
mendation for essential amino acid composition and has similar or
better emulsification properties than commercial emulsifiers such as soy
protein isolate or sodium caseinate. Due to its good emulsification
properties, the protein concentrate could be used as a techno-functional
ingredient in the food or cosmetic industry [8] as well as in the phar-
maceutical or chemical industry [10].

The soluble fraction of polysaccharides from C. vulgaris contains
predominantly glucose 67 wt%, followed by galactose with 21 wt% and
ribose with 6 wt% [11]. Glucose is required for the production of lactic
acid. Through synthesis, lactide can be derived from lactic acid, which
can then be polymerised to produce polylactic acid (PLA) [12].

Previous life cycle assessment (LCA) studies found that microalgae
products showed adverse impacts when compared to plant or fossil-
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based products, especially for greenhouse gas emissions, as well as en-
ergy and resource consumption. The major drawback of these studies
was the assessment of non-comparable systems: (i) immature technology
vs. mature technology, and (ii) lab-scale or pilot-scale data vs. industrial
scale data. Both might have fostered the unfavourable results of
microalgae in some impact categories [13]. This paper presents an
approach to overcome the aforementioned issue. Therefore, a method-
ology based on a parameterised inventory is presented to identify target
ranges for relevant parameters in an industrial-scale facility. The aim of
the study is to investigate under which conditions a microalgal bio-
refinery is environmentally beneficial and to determine which process
parameters have to be further improved and to which extent.

2. Materials and methods

The proposed methodology follows a step-by-step approach imple-
mented in the python-based LCA-software brightway2, which uses
jupyter notebook as interface: (i) calculating LCA results for a sample of
input parameters, (ii) identification of favourable runs, (iii) reverse
analysis of identified runs. The notebook with the code of the method-
ology can be found in the supplementary material.

2.1. Biorefinery system

Based on a literature review four different pathways were identified:
path 1 and path 2 aim to isolate soluble proteins and polysaccharides,
whereas path A and path B separate lipids from the insoluble fraction of
the algal biomass (Fig. 1). Hence, four different pathway combinations
were assessed: system Al, system A2, system Bl and system B2.

The cultivation, harvesting, dilution and cell disruption as well as the
final drying of the outputs were common for all pathways. Open race-
way ponds, flat panel and tubular photobioreactors were considered as
cultivation systems for C. vulgaris [14], while harvesting is assumed to be
done by flotation, filtration or centrifugation. Dewatering aids like
flocculants were excluded since they might impact the reusability of the
process water and the downstream processes negatively [15]. Only
mechanical disruption methods were taken into account. Depending on
the method, a preceding dilution might be required [8,16-19]. Flash,

Path A Path B
Solvent SC-Co,
Extraction Extraction
Drying

Cultivation

Harvesting

Supernatant

Path 1 Path 2
Membrane Chemical
Filtration Separation

Fig. 1. Overview of production pathways.
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spray, drum as well as freeze dryers were included as drying technolo-
gies [15].

In path A, lipids were extracted by ethanol [20,21]. The insoluble
phase was dried, while the solvent of the soluble fraction was recovered
by evaporation. An alternative option for the extraction of lipids, su-
percritical carbon dioxide extraction (sc-CO3), with ethanol as a po-
tential co-solvent as proposed by Obeid et al. [22], was evaluated in path
B. No loss of carbon dioxide (CO,) was assumed for the system. As for
path A, the insoluble phase was dried, while the ethanol of the soluble
fraction was recovered by evaporation. In both alternatives, a loss of
ethanol solvent of 1 wt% maximum was assumed and the evaporation
conditions were set to 40 °C and 0.15 bar.

In path 1, soluble proteins and polysaccharides were separated by
membrane technology. Ultrafiltration and diafiltration were combined
to separate the organic compounds by their molecular size [23,24]. Both
output fractions were dried. Alternatively, the chemical three-phase-
partitioning (TPP) separation of proteins and polysaccharides was
evaluated in path 2 [23,24]. Therefore, the supernatant was treated with
ammonium sulphate and tert.-butanol as solvent. The upper phase of the
system contained the solvent, while the proteins accumulated in the
middle phase and polysaccharides in the lower phase. The solvent was
recovered from the upper phase and the protein-rich middle phase was
dried. The lower phase was dialysed to remove the ammonium sulphate
[10,25].

2.2. Background system scenarios

Different background systems for heat, electricity, nutrient and car-
bon supply were taken into account: natural gas and wood chips as heat
source, a higher share of renewable in the electricity mix as well as flue
gas as an alternative carbon source. Urea and P-fertiliser were used as
nutrient supply for scenario 1-8. In all scenarios, C. vulgaris was culti-
vated without nutrient deficiency. Furthermore, an integrated concept
of the microalgal biorefinery with a biogas plant with co-generation unit
was evaluated. In the integrated system, two biogas substrates — sewage
sludge and cattle manure — were analysed. The substrates were turned
into biogas and converted by means of anaerobic digestion. The
microalgae were fed with the digestate in order to meet their nutrient
needs. The biogas was purified to methane, which was combusted in a
co-generation unit. The electricity and heat produced in this way were
used to run the cultivation process. The separated carbon dioxide was
injected into the cultivation pond. A more detailed description of the
integrated scenario is given in Bussa et al. [26]. In case of insufficient
heat supply for the biorefinery, natural gas was assessed as an additional
heat source. In total, ten different background systems were evaluated
for each pathway combination (Table 1).

2.3. Reference products

Reference products were selected based on the potential composition
of the output product and its application. For lipids, the fatty acid

Table 1
Overview of evaluated scenarios.

Scenario  Heat source Electricity Nutrient Carbon source
source source

1 Natural gas Market mix Fertiliser Liquid CO,

2 Natural gas Market mix Fertiliser Flue gas

3 Natural gas Renewables Fertiliser Liquid CO,

4 Natural gas Renewables Fertiliser Flue gas

5 Wood chips Market mix Fertiliser Liquid CO,

6 Wood chips Market mix Fertiliser Flue gas

7 Wood chips Renewables Fertiliser Liquid CO,

8 Wood chips Renewables Fertiliser Flue gas

9 Biogas Biogas (sludge) Sewage sludge  Biogas
(sludge) (sludge)

10 Biogas (cattle)  Biogas (cattle) Cattle manure Biogas (cattle)
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composition was the determining factor to identify the cosmetic sector
as the target market and palm oil as the substituted product. The fatty
acid composition reported by Tanzi et al. [5] and Matos et al. [6] for
C. vulgaris cultivated without nutrient deficiency in raceway ponds and
photobioreactor respectively was used to select the reference product.
The substitution ratio is 1:1.

The amino acid composition, as well as the emulsification properties
of the proteins, was crucial for identifying non-ionic surfactants as the
reference product for the protein powder, again with a substitution ratio
of 1:1. Information on the amino acid profile and the emulsification
properties of proteins from C. vulgaris were taken from Ursu et al. [8]
and Kulkarni and Nikolov [9].

Based on the monosaccharide composition of polysaccharide pow-
der, maize grain — as common feedstock for the production of PLA [27] —
was chosen as substitutable product by the polysaccharide powder. The
substitution ratio was based on the glucose content. The replacement
was not one-to-one, but rather follows the subsequent equation:

Mynaize = SF*CGI}%*mPs*CGLmaixe71 (l)
where mpaize is the amount of maize replaced by mps, the quantity of
polysaccharide powder produced in the biorefinery. The glucose content
of the polysaccharides (cGlps) from C. vulgaris cultivated without
nutrient deficiency was assumed to be 67% [11] and multiplied by a
security factor (SF) of 0.9 to follow a more conservative approach. The
resulting calculated mass of microalgae glucose was multiplied by the
inverse of the glucose content of maize (cGlpaize), Wwhich describes the
quantity of maize required for 1 kg of glucose and is equal to 1.63 [27].

The residue contains undissolved proteins and polysaccharides as
well as the residual lipids, and could be used as animal feed. Animal feed
is represented by the markets for energy and protein feed in the Ecoin-
vent database. The replacement factor was based on the exact compo-
sition of the residue, which is dependent on the selected input
parameters. The protein content in the residue, which can be derived
from the protein content of the initial microalgal biomass (cPr) and the
fraction of protein dissolved in the supernatant (sPr) as indicated in the
following equation, determined the replacement factor for the protein
feed:

(2)

The Atwater specific factors for other vegetables [28] were used to
calculate the energy content of food. The Atwater factors for proteins
(APr), polysaccharides (APs) and lipids (ALi) are 10.2 MJ/kg, 14.9 MJ/
kg and 35.0 MJ/kg respectively. The values for other vegetables were
selected to follow the most conservative approach. The energy content
of the residue was calculated based on Eq. (3) for path A and Eq. (4) for
path B, where

% *
mproteinfzed = cPr (1 - SPV) mmicroalgnz

cPr: initial protein content of the biomass

sPr: fraction of proteins dissolved in the supernatant

cPs: initial polysaccharide content of the biomass

sPr: fraction of polysaccharides dissolved in the supernatant
ImpLiA: impurities of the lipids extracted in path A

cLi: initial lipid content of the biomass

recLiA: lipids recovered in path A

recLiB: lipids recovered in path B

L]
°
L]
L]
Menergy feedp = CPr*(1 — sPr)*APr + (cPs*(1 — sPs) — ImpLiA )*APs + cLi*(1
— recLiA)*ALi 3)
Mepergyfeed,s =CPr*(1—sPr)*APr+cPs*(1—sPs)*APs+cLi*(1—recLiB)*ALi
4
2.4. Life cycle inventory

A fully parameterised inventory was developed for the foreground
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system. Therefore, mass and energy balances were established for each
process. A process engineering analysis of the balances concerning their
dependence on the product properties of the upstream processes was
carried out to derive the parameters. 38 independent input parameters
with value ranges were defined on project level (see supplementary
information for a list of parameters and their value ranges). Saltelli's
approach was used to generate a quasi-random sample with 100
different values for each input parameter, resulting in 4000 different
combinations of input values (Part B of brightway2 notebook). 13
further project parameters were assumed to be fixed. Auxiliary param-
eters, which are dependent on project parameters, were defined with
equations on database level. Activity parameters, which have access to
project as well as database parameters, connect the different processes of
the product system with each other. They were defined on activity level
by equations (Part C of brightway2 notebook). Ecoinvent 3.5 conse-
quential was used as a database for the background processes.

2.5. Functional unit and reference flow

The functional unit was a basket of the four outputs: mass of lipids,
mass of protein powder, mass of glucose in the polysaccharide powder
and mass of protein in the residue as well as the energy content of the
residue. Since the quantities of the outputs were dependent on the
selected input parameters, the product basket varied in its composition.
Hence, the reference flow for the comparison of the four different bio-
refinery concepts was 1 kg of treated algal biomass.

2.6. Life cycle impact assessment

ReCiPe 2016 in the hierarchist version was applied for the modelling
of the life cycle impact assessment (LCIA). All available impact cate-
gories in ReCiPe 2016 have been analysed: global warming potential
(GWP), stratospheric ozone depletion potential (ODP), ionising radia-
tion (IR), photochemical ozone formation potential, human health
(POFPHH), particulate matter formation (PMF), photochemical ozone
formation potential, terrestrial ecosystems (POFPEQ), terrestrial acidi-
fication potential (TAP), freshwater eutrophication potential (FEP),
marine eutrophication potential (MEP), terrestrial ecotoxicity potential
(TETP), freshwater ecotoxicity potential (FETP), marine ecotoxicity
potential (METP), human carcinogenic toxicity potential (HCTP),
human non-carcinogenic toxicity potential (HNCTP), land use (LU),
mineral resource scarcity (MRD), fossil resource scarcity (FRD), and
water use (H0). Furthermore, the impacts on human health (HH),
ecosystem quality (EQ) and resources (RES) were calculated.

For each of the four pathway combinations with the ten different
background systems, a global sensitivity analysis with 4000 sets of input
parameters was calculated. In total, 160,000 LCIAs were calculated.

2.7. Reverse evaluation

This work aims not only to assess the likelihood of microalgae bio-
refineries being environmentally beneficial over a reference system as in
common global sensitivity analyses but to identify when biorefineries
are advantageous. Therefore, the global sensitivity analysis was fol-
lowed by a reverse analysis consisting of the following four steps:

2.7.1. Identification of favourable runs

The results of all scenarios were analysed to identify the scenarios
with favourable runs. A favourable run was defined as a run with lower
impacts in all endpoints, as well as lower global warming potential and
fossil fuel depletion. Since endpoint results are less robust than midpoint
results, due to their higher uncertainty caused by more modelling as-
sumptions [29], runs with a reduction potential of less than 10% for at
least one endpoint were excluded from the further analysis. Further
analyses then focused on the scenarios with favourable runs.
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2.7.2. Identification of key parameters

The average change in the contribution of the midpoint categories to
the endpoint score between favourable and unfavourable runs was
calculated to identify which midpoint impacts were reduced most in the
favourable runs. For these midpoint categories, a Sobol analysis was
done to quantify the importance of each input parameter for the vari-
ance of the impact score.

2.7.3. Evaluation of feasibility

For the key parameters, the value ranges of the parameters in the
favourable runs were compared with the ranges of literature values to
investigate the current feasibility and identify further research needs.

2.7.4. Evaluation of environmental potential

Three different favourable runs — where possible — were selected for
each scenario and further analysed. The most feasible run was defined as
the run with the lowest number of parameters outside the literature
range. If the condition applied to several runs, the second priority was
the number of favourable impact categories and third priority the global
warming reduction potential. The run with the highest number of
favourable categories was selected based on its performance compared
to the reference system. If several runs outperformed the reference
system in the same number of impact categories, the run with the
highest GWP reduction was selected. The favourable run with the
highest reduction of GWP was selected as the third run for further
evaluation. For these runs, the relative change of the midpoint LCIA
results when compared to the reference system was calculated to analyse
the potential of the proposed biorefinery concepts for reducing envi-
ronmental impacts.

3. Results and discussion
3.1. Production pathways and background systems

The systems A2 and B2 were constantly outperformed by their
reference systems in all scenarios (data are shown in the supplementary
information). The reason for the minor performance of the chemical
separation of proteins and polysaccharides (Path 2) compared to the
mechanical separation (Path 1) was the environmental impacts of the
production of the required ammonium sulphate and enzymes for the
chemical separation. The sc-CO5 extraction with ethanol as co-solvent
(Path B) has lower environmental impacts than the conventional sol-
vent extraction with ethanol (Path A) since less ethanol was required.
This resulted in a lower energy demand for the solvent recovery. A total
number of 428 favourable runs remained from system Al with back-
ground scenario 9 (A1_9) for further analysis. For system B1 with sce-
nario 8 (B1_8), two runs were found, while for the same system with
scenario 9 (B1_9), 849 environmentally beneficial runs were identified.

3.2. Identification of key parameters

Fig. 2 shows the Sankey diagrams visualising the key parameters.
The wider the arrow, the more important is the parameter for the var-
iances of the LCIA results. All three systems had in common that the
favourable runs were characterised by a significant reduction of the
average contribution of GWP to the damages on human health and
ecosystem quality. For resource consumption, the favourable runs were
characterised by a reduction of the average contribution of MRD. For
both systems with the production pathway B1, POFPEQ, POFPHH and
ODP were important midpoint categories. The Sobol analysis for the
relevant impact categories showed that 9-13 input parameters each
explained more than 1% of the total changes. The most important
parameter in all systems was the specific heat consumption of the
cultivation stage (qcult), which had a proportional influence on the heat
consumption in the inventory of the cultivation stage.
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3.2.1. System A1 scenario 9

As shown in Fig. 2a, the favourable runs were further characterised
by a significant reduction of the average contribution of PMF, FEP and
MEP to the three areas of protection. The second most important factor
was the biomass content during cultivation (c0), which together with the
biomass content after harvesting (c1) determined the quantity of water
sent to a treatment plant. The solvent ratio (rSE) was the third most
important parameter. It had a proportional effect on the amount of
ethanol required. Consequently, rSE also had a proportional effect on the
heat and electricity required in the solvent recovery stage. The specific
electricity consumption of the centrifuges (ecen) had the highest influ-
ence of the electricity-related input parameters. This is because two
centrifuges were required for path 1: the first one separated the super-
natant from the pellet after disruption and the second one separated the
dissolved fraction of lipids from the residue. The influence of the initial
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Fig. 2. Key parameters and their influence on midpoint cat-
egories and endpoint for (a) system Al_9, (b) system B1_8 and
(c) system B1.9. Only midpoint categories that contributed
less to endpoint damages in favourable runs are shown. The
cut-off factor for key parameters was set to 1% overall
contribution. c0: biomass concentration before harvesting, c1:
biomass concentration after harvesting, cLi: lipid content, cPr:
protein content, cPs: polysaccharide content, cx: biomass
content during disruption, DV1: diavolume for diafiltration,
ecen: specific electricity consumption of centrifugation, ecult:
specific electricity consumption of cultivation, edis: specific
electricity consumption of disruption, edry: specific electricity
consumption of drying, fac: factory infrastructure, qcult: spe-
cific heat consumption of cultivation, qdry: specific heat
consumption of drying, recPrl: recovery of proteins in path 1,
rSCE: solvent ration of sc-co, extraction, rSE: solvent ratio of
conventional extraction, sPr: solubility of proteins, GWP:
global warming potential, H20: water use, HCTP: human
carcinogenic toxicity potential, HNCTP: human non-
carcinogenic toxicity potential, IR: ionising radiation, MEP:
marine eutrophication potential, MRD: mineral resource
depletion, ODP: ozone depletion potential, PMF: particulate
matter formation, POFPEQ: photochemical oxidant formation
HH potential — ecosystem quality, POFPHH: photochemical
oxidant formation potential - human health, TAP: terrestrial
acidification potential, EQ: ecosystem quality, HH: human
health, RES: resources.

HH

EQ

EQ

RES

EQ

RES

HH

protein content of the biomass (cPr), the polysaccharide content (cPs),
the lipid content (cLi) as well as the solubility of proteins (sPr) were of
minor importance.

3.2.2. System B1 scenario 8

The differences in terms of ecosystem damages were further
explained by a reduction of MEP. The solvent ratio (rSCE), which
determined the amount of ethanol added as co-solvent, was especially
important for GWP since it had a direct influence on the required heat
and electricity for the solvent recovery, whereas MRD was predomi-
nantly influenced by changes in the electricity consumption (Fig. 2b).

3.2.3. System B1 scenario 9
The favourable runs of B1_9 were further characterised by a signif-
icant reduction of the average contribution of TAP, HNCTP, H20, HCTP
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and IR, to the endpoint results. As for the other scenarios, gcult was the
most important input parameter and the predominant driver for most
impact categories, except for water consumption, where sPr had a
greater influence (Fig. 2c).

3.3. Evaluation of feasibility

Table 2 summarises the results for the key parameters of the
favourable runs of all reviewed scenarios. All derived target ranges for
scenario 9 were at least overlapping with the feasible range found in
literature, while for scenario 8, gdry and DV1 were beyond the range of
the literature values. The initial biomass composition as well as the
biomass content during cultivation, after harvesting and during
disruption were for all scenarios within the reported ranges. The solvent
ratios of the favourable runs were also within the range of the literature
values, but close to the lower limit.

3.3.1. System A1 scenario 9

One run of system Al_9 had feasible values for all key parameters
and outperformed the reference system in eight impact categories. 63%
of the favourable runs had one parameter, which was beyond the range
of the literature values. In 73% of the cases this was qdry and in 27% sPr.
These most feasible runs were favourable in 5 to 13 impact categories
when compared to the reference system. 36% of the favourable runs had
two currently not feasible parameters. These runs were predominantly
characterised by a combination of gdry, sPr and edis being beyond the
reported range in literature, while edry was seldom the reason. The
reference system was outperformed in 5 to 16 categories by these runs.
Only 0.7% of the favourable runs had three parameters outside of the
scope derived from literature values. Qdry and sPr were never within the
feasible range and either ecult or edis were beyond the literature values.
These runs outperformed the reference system in 8 to 10 midpoint
categories.

3.3.2. System B1 scenario 8

The two further analysed runs of system B1_8 were characterised by
three currently non-feasible input parameters: qdry and DV1 together
with either sPr or recPrl. Both runs showed favourable results in six
midpoint categories when compared to the reference system.

3.3.3. System B1 scenario 9
4% of the favourable runs of B1_9 had only one parameter, which
was outside the scope derived from literature. The predominant input
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parameter, which was beyond the feasible range, was qdry with 94%
followed by recPr1 and DV1 with 3% each. These most feasible runs were
favourable in 6 to 12 impact categories when compared to the reference
system. Two non-feasible parameters were found in 32% of the runs. In
most cases qdry and DV1 were outside of the currently feasible ranges
followed by sPr and recPrl. Ecult and edis had seldom non-feasible
values. The reference system was outperformed in 6 to 16 categories
by these runs. 45% of the favourable runs had three currently non-
feasible parameters. Again, DV1 and qdry were the most critical issue,
followed by recPrl, sPr, edis, ecult and edry. These runs were advanta-
geous over the reference system in 7 to 16 midpoint categories. 15% of
the further analysed runs were characterised by four non-feasible pa-
rameters. Qdry, sPr, recPr and DV1 were mainly beyond the scope of the
literature values. In each of the runs, at least three of these parameters
had currently non-feasible values. In fewer cases, edis, ecult and edry
were beyond the scope of literature values. When compared to the
reference system, these runs had advantageous results in 8 to 16 impact
categories.

3.4. Life cycle impact assessment

The three selected runs for further analysis of each system were
compared in the next sections regarding their environmental perfor-
mance (Fig. 3), with a special focus on GWP and FFD, and feasibility.
The feasibility is shown in a parallel coordinates diagram in Fig. 4. For
each key parameter, a vertical line indicates the value range modelled.
For parameters, where the modelled range exceeds the literature range,
the latter one is marked in purple. The intersection of the vertical line of
qcult and the lines of the favourable runs show for all three systems that
the specific heat consumption should be in the lower third of the range.
It further shows, that if edry is at the upper limit of the currently feasible
range, at least one of the other electricity-related parameters requires a
rather low value for a favourable run.

3.4.1. System Al scenario 9

The most feasible run of system Al_9 had favourable results in eight
impact categories and a GWP reduction of 143%, while FFD was reduced
by 526% (Fig. 3a). The poorer performance of the microalgae bio-
refinery in ODP and IR is mainly caused by the supply chain of the
anaerobic digestion and biogas purification unit. The electricity con-
sumption is the key driver for all toxicity-related impact categories as
well as for FEP and MRD. Compared to the two other selected runs, the
most feasible run had a rather high value for edis, while c1 and sPr were

Table 2
Comparison of key parameter values and literature values.
Parameter Al19 B1.8 B19 Literature values Sources
qeult 1.5-57.7 1.5-7.7 1.5-67.0 0.9-2175 MJ/kgpw [14]
qdry 1.1-4.8 1.1-3.3 1.0-4.9 4.32-6.84 MJ/Kkgu20 [15]
qtotal 10.9-74.9 15.1-19.7 12.5-81.7
ecult 0.09-4.84 0.28-0.88 0.05-4.84 0.396-35.27 kWh/kgpw [30,14]
edis 0.16-4.89 1.71-2.77 0.18-4.89 0.45-92 kWh/kgpw [17]
edry 0.03-0.47 0.22-0.38 0.03-0.49 0.04-1 kWh/kgu20 [15]
ecen 0.10-1.94 0.1-2 kWh/m? [15,14]
etotal 1.4-12.6 4.3-5.4 2.1-13.8
c0 0.4-2.9 wt% 0.03-3 wt% [14], personal communication
cl 25-30 wt% 15-30 wt% [15]
cx 19-22 wt% 15.5-24.5 wt% 1.3-25 wt% [8,31]
cPs 10-15 wt% 10-15 wt% [3]
cLi 12-15 wt% 12-15 wt% [3]
cPr 50-60 wt% 50-60 wt% 50-60 wt% 50-60 wt% [3]
sPr 0.5-0.8 0.52-0.66 0.5-0.8 0.23-0.66 [18,7]
recPrl 0.70-0.95 0.701-0.985 0.36-0.827 [24,23]
DV1 0.07-2.60 0.17-0.26 0.03-2.93 2-12 [23,32]
pin 0.017-0.026 0.003-0.036 0.003-0.036 kg/kgpw [14], personal communication
1SE 3.5-17 3-200 [20,21]
rSCE 4.6-5.1 0.16-15 0-36 [22]
fac 1.08e—10-1.58e—10 7.49e—11-5.95e—10 4e—-10 Assumption based on Ecoinvent datasets
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Fig. 3. LCIA midpoint results of selected runs for (a) system Al_9, (b) system B1_8 and (c) system Al 9. GWP: global warming potential, ODP: ozone depletion
potential, IR: ionising radiation, POFPHH: photochemical oxidant formation potential - human health, PMF: particulate matter formation, POFPEQ: photochemical
oxidant formation potential - ecosystem quality, TAP: terrestrial acidification potential, FEP: freshwater eutrophication potential, MEP: marine eutrophication po-
tential, TETP: terrestrial ecotoxicity potential, FETP: freshwater ecotoxicity potential, METP: marine ecotoxicity potential, HCTP: human carcinogenic toxicity
potential, HNCTP: human non-carcinogenic toxicity potential, LU: land use, MRD: mineral resource depletion, FFD: fossil fuel depletion, H20: water use.

relatively low (Fig. 4a).

The most favourable run was outperformed by the reference system
in terms of ODP and IR too. The run had with gdry one parameter that
was slightly below the currently reported values in literature, With a
GWP and FFD reduction of 67% and 290% respectively, the run showed
lower reduction potentials in these categories than the most feasible run
(Fig. 3a). The reason is the higher specific heat consumption values of
the most favourable run (Fig. 4a) leading to less excess heat of the
cogeneration unit, which avoided heat from natural gas. Due to the co-
production of electricity, heat from natural gas avoids electricity gen-
eration by wind turbines, which results in beneficial results of natural
gas as a heat source for toxicity-related impact categories. This is con-
tradictory to other impact categories like GWP and FFD, where low
specific heat consumptions resulted in lower impacts.

The run with the highest GWP reduction (305%) reduced the
depletion of fossil fuel by 705%. Unfavourable results were found for
ODP, IR, TETP, FETP, METP, HNCTP, LU, MRD, so the run outperformed
the reference system in ten impact categories. For 16 impact categories,
the run showed better results than the most feasible one (Fig. 3a). Three
of the key parameters of system Al 9 were beyond the scope of the
literature values. The run was characterised by a low heat consumption,
which also explains the disadvantageous results in the toxicity cate-
gories (Fig. 4a).

All favourable runs of system Al_9 outperformed the reference sys-
tem in GWP, PMF, TAP, MEP and FFD. More than 67% of the favourable
runs showed better results for POPFEQ, POFPHH and H20. No advan-
tageous run was found for ODP and IR. In the remaining impact cate-
gories, the majority of the favourable runs had worse results than the
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reference system.

3.4.2. System B1 scenario 8

The most feasible run of system B1_8 was with a GWP reduction of
134% and an FFD reduction of 26%, as was the run with the highest
GWP reduction. Compared to the reference system, the run had ad-
vantageous results in six impact categories (see Fig. 3b). The unfav-
ourable results in the other impact categories were largely driven by the
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Fig. 4. Combinations for key parameters input values
for (a) system A1_9, (b) system B1_8 and (c) system
Al_9. Ranges beyond reported values in literature are
highlight in purple. ecen, ecult, edis, edry are given in
kWh/kg microalgae treated, qcult, qdry are given in

Most feasible
MJ/kg microalgae treated, remaining parameters are
dimensionless. c0: biomass concentration before
Most favourable harvesting, c1: biomass concentration after harvest-

ing, cLi: lipid content, cPr: protein content, cPs:
polysaccharide content, cx: biomass content during
disruption, DV1: diavolume for diafiltration, ecen:
specific electricity consumption of centrifugation,
ecult: specific electricity consumption of cultivation,
edis: specific electricity consumption of disruption,
edry: specific electricity consumption of drying, fac:
factory infrastructure, qcult: specific heat consump-
tion of cultivation, qdry: specific heat consumption of
drying, recPrl: recovery of proteins in path 1, rSCE:
solvent ration of sc-co, extraction, rSE: solvent ratio
of conventional extraction, sPr: solubility of proteins.

Highest GWP reduction

Favourable runs

Unfavourable runs

Most feasible

Most favourable

Unfavourable runs

Most feasible

Most favourable

Highest GWP reduction

Favourable runs

Unfavourable runs

provision of electricity. Three key parameters — qdry, sPr and DVI - of
the run were beyond observed literature values (see Fig. 4b).

A GWP and FFD reduction of 128% and 16% was found for the most
favourable run, which is slightly below the reduction potentials of the
most feasible run. The run outperformed the reference system in six
impact categories as well but showed more favourable results than the
most feasible run in 17 categories (see Fig. 3b). The main reason for the
disadvantageous results, when compared to the reference, was the
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electricity consumption of the biorefinery. The run was characterised by
non-feasible values for qdry, ecult, recPr1 and DV1 (see Fig. 4b).

3.4.3. System B1 scenario 9

A GWP and FFD reduction of 100% and 497% were found for the
most feasible run. Compared to the reference system, the run showed
improved results in twelve impact categories (Fig. 3c). The supply chain
of the anaerobic digestion and biogas purification facilities caused the
unfavourable results in IR, ODP and LU, while the electricity demand
was the main driver for TETP, HNCTP and MRD. The run was charac-
terised by a DV1 value below the range derived from literature (see
Fig. 4c).

The run with the most favourable impact categories outperformed
the reference system in 16 categories; unfavourable results were only
found for ODP and IR, due to the supply chain impacts. The GWP and
FFD reduction potential of the run were 81% and 313% respectively,
which were the lowest values of the three assessed runs. As for system
A1_9, the most favourable run was characterised by a relatively high
heat consumption.

GWP and FFD reductions of 398% and 1083% were attained in the
run with the highest GWP reduction. The run showed lower environ-
mental burdens than the reference system in ten impact categories, the
unfavourable results in the remaining eight categories were mainly
caused by the electricity consumption and the supply chain impacts of
the anaerobic digestion and the purification plant. Three key parameters
of the run — qdry, sPr and DV1 — were outside of the range of literature
values. The reference system was always outperformed by system B1_9
in GWP, PMF, TAP, MEP, and FFD. Only 3 runs of the 849 favourable
runs had worse POPFEQ results than the reference system. More than
two-thirds of the favourable runs showed advantageous results for
POFPHH and H20, while for HCTP, FEP, FETP and METP more than half
of the favourable runs had better results. No advantageous run was
found for ODP and IR. In the remaining impact categories, the majority
of the favourable runs had worse results than the reference system.

3.5. Implications of results

This work aims to identify under which conditions a microalgal
biorefinery for the production of lipids, proteins and polysaccharides is
environmentally beneficial. The results showed that multiple conditions
have to be met.

Firstly, the location of the plant plays a crucial role. Both further
analysed scenarios were dependent on product and waste streams of
other facilities, which should be located nearby. For scenario 9, the
microalgal biorefinery has to be located close to a wastewater treatment
plant with a capacity large enough to supply the biorefinery with nu-
trients and carbon. For scenario 8, an industrial facility generating
carbon-rich flue gas is required as well as a region where sustainable
forest management is practised for the production of wood chips. Sec-
ondly, the rather low upper limit of gcult contradicts the possible year-
round cultivation of microalgae in temperate zones where high sea-
sonal temperature changes are given, and hence, more heat is required
for cultivation in colder seasons. For cultivating C. vulgaris in open
raceway ponds in the Netherlands, only the month from May to August
would not exceed the target range for the specific heat consumption
during cultivation [14]. One option to extend the cultivation season
would be to use waste heat for cultivation. However, this would further
restrict the site selection. Thirdly, improvements to the currently
available technologies are required to meet the values applied to the
favourable runs, especially in the areas of drying, membrane technology
and disruption. Disruption methods should dissolve at least 50% of the
proteins and consume less than 5kWh electricity per kg microalgae,
while improved protein extraction yields of at least 70% for membrane
technologies are required (see Table 2). Flash drying is the most prom-
ising currently available drying technology in terms of energy con-
sumption [15]. For cell disruption, Safi et al. [19] found the most
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encouraging results for high-pressure homogenization and bead milling
in a study with Nannochloropsis gaditana, which is known for its rigid cell
wall. Fourthly, a higher share of renewables in the electricity mix is
desirable and widens the target ranges of the process parameters.

All of the eight critical impact categories identified by Bussa et al.
[13], except for energy demand, were assessed in this work. With sce-
nario 8 as a background system, all favourable runs showed favourable
results in four critical categories, while with scenario 9, the microalgal
biorefinery was beneficial in three impact categories in all favourable
runs and in two further categories it was often better. However, there
were always at least two impact categories where the reference system
was more favourable. It was further found that microalgae could not
solve all the challenges of the transitions towards a bioeconomy
formulated by DG Research and Innovation [1]. Scenario 9 as the
background system showed the best results for resource efficiency as
well as for the reduction of greenhouse gas emissions. In the case of
scenario 8, the renewable electricity mix led to a higher exploitation of
mineral resources due to the high copper demand of wind power plants.
The two analysed background scenarios had all predominantly higher
land use impacts than the reference systems. The main driver was the
forest area required for the production wood chips for scenario 8, as well
as the supply chain of the anaerobic digestion plant and biogas purifi-
cation unit required for scenario 9. The background system with the
lowest land use impacts was scenario 3, which, however, was constantly
outperformed by the reference system in all areas of protection as well as
in GWP and FFD. It further turned out that there are trade-offs between
different targets. Reducing the environmental impacts of the microalgal
biorefinery in most impact categories came at the cost of a lower
feasibility and a lower reduction of GWP and FFD impacts. The eco-
nomic competitiveness was not analysed in this study and is subject to
further research.

3.6. Limitations of the study

Two major limitations of the study are related to data quality. The
first issue was the lack of information on quantified correlation between
the material or energy input of a process and its efficiency. In the current
model, the energy input of the disruption unit and the solubility of
proteins and polysaccharides as well as the solvent ratio and recovery of
lipids were treated as independent parameters. Hence, the desired effi-
ciency and consumption limits might be in the range of the literature
values, but it is not certain that the combination of both is feasible with
current technology. The second concern of the study is caused by the
missing inventory for the production of tert.-butanol. Isopropanol was
used as a solvent instead since according to Waghmare et al. [10] it
showed slightly lower yields than tert.-butanol. The impacts of TPP are
predominantly driven by the use of enzymes so the conclusion drawn
that membrane technology should be chosen for the separation of pro-
teins and polysaccharides remains valid.

In this study, it was assumed that the microalgae is harvested first
and in the second step diluted again to reach the optimum dry matter
content for disruption processes. The dry matter content found in liter-
ature before harvesting varies between 0.03 and 3% while for disruption
dry matter contents between 1.3 and 25% were reported (see Table 2).
These values imply that harvesting might not be required before
disruption. The combination of harvesting and dilution was modelled for
two reasons: Firstly, Postma et al. [17] found, that a higher dry matter
content reduces the electricity demand of bead milling significantly,
while the yield remains constant. Yap et al. [31] found similar results for
high-pressure homogenization as disruption method. This shows that
harvesting is at least to some extent necessary. Secondly, most literature
sources used for identifying the currently feasible ranges for disruption
refer to dried microalgae, which were diluted to reach a specific water
content of the algae slurry for optimum downstream processes. Har-
vesting and re-dilution lead to algae slurry with higher purity since
residues from cultivation, which might negatively affect downstream

83



Appendix A

M. Bussa et al.

processes, are partly removed during harvesting. By modelling har-
vesting and re-dilution, the evaluated system had a higher correlation
with the literature sources used.

The process model developed for this study might overestimate the
electricity consumption required for harvesting as well as the water
consumption of the biorefinery process since re-dilution might not be
required in reality. The electricity consumed in the harvesting accounted
for less than 4% of most runs, in rare cases, it made up to 10%. The water
consumption of the biorefinery processes is mainly driven by the culti-
vation process, however, the additional water demand of re-dilution can
cause up to one-third of the total water consumption. As shown in Fig. 2,
water depletion had no significant importance for the performance of
system Al_9 and B1_8. For system B1_9, it had greater importance, but
this was mainly driven by the water demand in the protein extraction
and not by the re-dilution since sPr shows a higher contribution than cx.

Another limitation is the unclear effects of sewage sludge as a
nutrient source. Morales-Amaral et al. [33] showed that the cultivation
of freshwater microalgae with sludge, which originates from anaerobic
digestion, as the only nutrient source is feasible without constraining the
biomass productivity. This is supported by similar results from Lu et al.
[34]. The impacts on the biochemical composition or the probability of
accumulations of toxic elements in the microalgal biomass were not
investigated. Any contamination of the biomass would prevent their use
in high-value and sensitive sectors such as the food and pharma
industry.

The main drawback of the developed methodology is the inability to
determine a fixed threshold value for each input parameter, since the
chosen value of one parameter influences the acceptable range of the
remaining input parameters. Yet, it was possible to identify key pa-
rameters that further research should focus on. As soon as one or more
parameters are fixed or their range is narrowed, the program can be
rerun to determine more precise threshold values for the remaining
parameter. The key parameters and their target ranges are highly
dependent on the aim of the study and the definition of an environ-
mentally beneficial system. Here, the focus was on improvement in GWP
and FFD, since microalgae are mainly mentioned in the context of bio-
economies aiming to overcome the economy's dependency on fossil re-
sources and reduce climate change.

The analysis focused on the biorefinery as a whole by analysing a
product basket. The composition of the basket varied with the selected
values for the process yields. The reference system was adjusted
accordingly for each run. This implies, that the results indicate which
runs were favourable over the reference system for the product basket.
These results remain valid for the analysis of a single product and its
reference, where the avoided-burden approach would be used to ac-
count for the co-products. However, the approach does not allow
drawing conclusions on which favourable production pathway would be
most recommendable for a specific product. This was beyond the scope
of the study and the results are too broad and often overlapping to
recommend one biorefinery system over the other. System B1_9 showed
the best LCIA results. The highest feasibility of the key parameters was
found for A1_9, while system B1_8 had the highest feasibility of the
background system since conventional fertilisers are used as nutrient
source. As next step, an economic evaluation of the favourable system
should be done to further narrow the target ranges and to allow the
identification of the determining product and the comparison of
different production routes.

4. Conclusions

The LCA results show that the investigated microalgae biorefinery
pathways are not environmentally competitive with the current state of
the art of technology. It was further found that technological improve-
ments are insufficient if the energy and carbon sources remain un-
changed. If both — technology and upstream chains — are improved,
considerably reductions of environmental impacts, especially of

10
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greenhouse gas emissions, are possible. The location of the microalgal
facility plays an essential role, as its climatic zone and available indus-
trial by-product streams highly affect the facility's environmental per-
formance. The focus of this work was on biorefinery concepts for
C. vulgaris and hence, the quantitative conclusions are only valid for the
investigated concepts. However, the identification of cultivation and
drying as crucial processes for the environmental performance of
microalgal biorefineries is sound for other species as well.

To unleash the full environmental potential of microalgae, action
from various stakeholders is required to support microalgal bio-
refineries. Decision-makers need to push forward the energy transition,
while scientists should further clarify the impact of waste streams as a
nutrient source. Process engineers should especially focus on energy-
efficient drying and cultivation and improve recovery yields of mem-
brane technologies.
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# # Part A: Preparation

#Importing Brightway2

from brightway2 import *

#Importing additional Brightway2 packages
from bw2data.parameters import *

from bw2calc import *

from bw2analyzer import *

#Importing package to easily import excel inventories
from lci to bw2 import *

#Importing additional python packages
import pandas as pd

import numpy as np

import matplotlib.pyplot as plt

from matplotlib.pylab import *

import random

import datetime

import operator

from functools import reduce

from SALib.sample import saltelli

from SALib.analyze import sobol

#Create folder named with current date and time for saving of results
datestr = datetime.datetime.today().strftime('>Ysmsd SHZM')

os.mkdir (datestr)

#Define shortform for contribution analysis

ca = ContributionAnalysis()

#Create and open project
projects.set current('bioref notebook')

# # Part B: Database and Parametes

Background system is based on LCIA results calculated in SimaPro 9.0 with ReCiPe 2016,
since ReCiPe 2016 is not yeat available for brightway2.

The characterisation factors for the equivalence flow of each impact categories

were implemented in part D, additional characterisation factors were added for
emissions of the foreground system.

LCI quantities of foreground system are just placeholders based on literature values
and are replaced by parameters in the next steps.

#Creating Database for scenario 1

db = Database('biorefdb')

bioref data scenl = {
#Definition of reference substances of each impact category as biosphere flow
#Required for calculation of LCIA results

('biorefdb', 'GWP'): {'name': 'GWP', 'unit': 'kilogram',6 'type': 'biosphere'},
('biorefdb', 'ODP'): {'name': 'ODP', 'unit': 'kilogram',6 'type': 'biosphere'},
('biorefdb', "IR'): {'name': 'IR', 'unit': 'kilobecquerel', 'type': 'biosphere'},
('biorefdb', 'POFPHH'): {'name': 'POFPHH', 'unit': 'kilogram','type':
'biosphere'},

('biorefdb', 'PMF'): {'name': 'PMF', 'unit': 'kilogram',6 'type': 'biosphere'},
('biorefdb', 'POFPEQ'): {'name': 'POFPEQ', 'unit': 'kilogram', 'type':
'biosphere'},

('biorefdb', 'TAP'): {'name': 'TAP', 'unit': 'kilogram',6 'type': 'biosphere'},
('biorefdb', 'FEP'): {'name': 'FEP', 'unit': 'kilogram',6 'type': 'biosphere'},
('biorefdb', 'MEP'): {'name': 'MEP', 'unit': 'kilogram',6 'type': 'biosphere'},
('biorefdb', 'TETP'): {'name': 'TETP', 'unit': 'kilogram', 'type': 'biosphere'},
('biorefdb', 'FETP'): {'name': 'FETP', 'unit': 'kilogram', 'type': 'biosphere'},
('biorefdb', 'METP'): {'name': 'METP', 'unit': 'kilogram', 'type': 'biosphere'},
('biorefdb', 'HCTP'): {'name': 'HCTP', 'unit': 'kilogram', 'type': 'biosphere'},
('biorefdb', 'HNCTP'): {'name': 'HNCTP', 'unit': 'kilogram', 'type': 'biosphere'},
('biorefdb', 'LU'): {'name': 'LU', 'unit': 'squaremeter year', 'type':
'biosphere'},

('biorefdb', 'MRD'): {'name': 'MRD', 'unit': 'kilogram',6 'type': 'biosphere'},
('biorefdb', 'FFD'): {'name': 'FFD', 'unit': 'kilogram',6 'type': 'biosphere'},
('biorefdb', 'H20'): {'name': 'H20', 'unit': 'cubic meter', 'type': 'biosphere'},
#Definition of additional biosphere flows occuring in the foreground system
('biorefdb', 'occupation'): {'name': 'occupation', 'unit': 'squaremeter year',

'type': 'biosphere'},
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('biorefdb', 'transformation'): {'name': 'transformation',6 'unit':

'squaremeter', 'type': 'biosphere'},
#Definition of output flows
('biorefdb', 'lipidsA'): {'name':
'biosphere'},

('biorefdb', 'proteinsA'): {'name': 'proteinsA', 'unit':
'biosphere'},

'lipidsA', 'unit': 'kilogram',6 'type':

'kilogram', 'type':

('biorefdb', '"lipidsB'): {'name': 'lipidsB', 'unit': 'kilogram',6 'type':
'biosphere'},
('biorefdb', 'proteinsB'): {'name': 'proteinsB', 'unit': 'kilogram', 'type':

'biosphere'},

('biorefdb', 'polysaccharidesl'): {'name': 'polysaccharidesl', 'unit':

'kilogram', 'type': 'biosphere'},
('biorefdb', 'proteinsl'): {'name':
'biosphere'},

'proteinsl', 'unit':

'kilogram', 'type':

('biorefdb', 'polysaccharides2'): {'name': 'polysaccharides2', 'unit':

'kilogram', 'type': 'biosphere'},

('biorefdb', 'proteins2'): {'name': 'proteins2', 'unit':
'biosphere'},

#Background system with names of datasets in ecoinvent 3

'kilogram', 'type':

.5 consequential

#Tap water{Europe without Switzerland}, underground without treatment

('biorefdb', 'water'): {'name': 'water', 'unit': 'kilogram', 'type': 'process',
g yp P
'exchanges': [
{'input': ('biorefdb', 'water'), 'amount': 1.0, 'unit': 'kilogram', 'type':

'production'},

{'input': ('biorefdb', 'GWP'), 'amount': 9.19e-05, 'unit': 'kilogram',

'type': 'biosphere'},

{"input': ('biorefdb', 'ODP'), 'amount': 6.509999999999999%e-11, 'unit':

'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'IR'), 'amount': 3.6e-05, 'unit': 'kilobecquerel',

'type': 'biosphere'},
{'"input': ('biorefdb', 'POFPHH'), 'amount': 1.72e-07
'type': 'biosphere'},

, 'unit': 'kilogram',

{'input': ('biorefdb', 'PMF'), 'amount': 2.46e-07, 'unit': 'kilogram',

'type': 'biosphere'},

{"input': ('biorefdb', 'POFPEQ'), 'amount': 1.7600000000000001e-07, 'unit':

'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'TAP'), 'amount':
'type': 'biosphere'},

2.89e-07, 'unit': 'kilogram',

{'"input': ('biorefdb', 'FEP'), 'amount': 7.21e-08, 'unit': 'kilogram',

'type': 'biosphere'},

{'input': ('biorefdb', 'MEP'), 'amount': 5.01e-09, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'TETP'), 'amount': 0.000302872, 'unit': 'kilogram',

'type': 'biosphere'},

{'input': ('biorefdb', 'FETP'), 'amount': 9.68e-06,
'type': 'biosphere'},
{'"input': ('biorefdb', 'METP'), 'amount': 1.24e-05,
'type': 'biosphere'},
{'"input': ('biorefdb', 'HCTP'), 'amount': 4.63e-06,
'type': 'biosphere'},

'unit': 'kilogram',
'unit': 'kilogram',
'unit': 'kilogram',

0.000131634, 'unit': 'kilogram',

{'input': ('biorefdb', 'HNCTP'), 'amount':

'type': 'biosphere'},

{'input': ('biorefdb', 'LU'), 'amount': 2.09e-05, 'unit': 'squaremeter
year', 'type': 'biosphere'},

{'input': ('biorefdb', 'MRD'), 'amount':

'type': 'biosphere'},
{'"input': ('biorefdb', 'FFD'), 'amount':
'type': 'biosphere'},
{'input': ('biorefdb', 'H20'), 'amount':
'type': 'biosphere'}l},
#C02, liquid{RER}, market for
('biorefdb', 'CO2'): {'name': 'CO2',
'exchanges': [

0.001000662

'unit': 'kilogram',

{'input': ('biorefdb', 'C02'), 'amount': 1.0, 'unit':

'production'},

{'input': ('biorefdb', 'GWP'), 'amount':
'type': 'biosphere'},

{'input': ('biorefdb', 'ODP'), 'amount':
'kilogram', 'type': 'biosphere'},

1.097432325

4.14e-07, 'unit': 'kilogram',

2.94e-05, 'unit': 'kilogram',

, 'unit': 'cubic meter',

'type': 'process',
'kilogram', 'type':

, 'unit': 'kilogram',

1.7899999999999997e-07, 'unit':

{"input': ('biorefdb', 'IR'), 'amount': =0.0046131340000000005, 'unit':

'kilobecquerel', 'type': 'biosphere'},
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117
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119

136

137

138

142

143

{'input': ('biorefdb', 'POFPHH'), 'amount'
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'PMF'), 'amount': O
'type': 'biosphere'},

{'input': ('biorefdb', 'POFPEQ'), 'amount'
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'TAP'), 'amount': 0
'type': 'biosphere'},

{'"input': ('biorefdb', 'FEP'), 'amount': O
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'MEP'), 'amount': 5
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'TETP'), 'amount':
'type': 'biosphere'},

{'input': ('biorefdb', 'FETP'), 'amount':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'METP'), 'amount':
'type': 'biosphere'},

{'"input': ('biorefdb', 'HCTP'), 'amount':
'type': 'biosphere'},

{'"input': ('biorefdb', 'HNCTP'), 'amount':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'LU'), 'amount': =0.

year', 'type': 'biosphere'},

{'input': ('biorefdb', 'MRD'), 'amount': O.

'type': 'biosphere'},

{'input': ('biorefdb', 'FEFD'), 'amount': 0.

'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'H20'), 'amount': 0.

'type': 'biosphere'}l},
#Urea, as N {GLO}, market for
('biorefdb', 'urea'): {'name':
'exchanges': [

{'input': ('biorefdb', 'urea'), 'amount':

'production'},

{'"input': ('biorefdb', 'GWP'), 'amount': 3

'kilogram', 'type': 'biosphere'},

'urea', 'unit':

{'input': ('biorefdb', 'ODP'), 'amount': 1.

'type': 'biosphere'},

{'"input': ('biorefdb', 'IR'), 'amount': =0.

'kilobecquerel', 'type': 'biosphere'},
{'input': ('biorefdb', 'POFPHH'), 'amount'
'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'PMF'), 'amount': 0.

'type': 'biosphere'},
{'input': ('biorefdb', 'POFPEQ'), 'amount'
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'TAP'), 'amount': O.

'type': 'biosphere'},

{'input': ('biorefdb', 'FEP'), 'amount': 0.

'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'MEP'), 'amount': O.

'type': 'biosphere'},

{'input': ('biorefdb', 'TETP'), 'amount':

'type': 'biosphere'},

{'input': ('biorefdb', 'FETP'), 'amount':

'type': 'biosphere'},

{'input': ('biorefdb', 'METP'), 'amount':

'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'HCTP'), 'amount':

'type': 'biosphere'},

{'input': ('biorefdb', 'HNCTP'), 'amount':

'type': 'biosphere'},

{'input': ('biorefdb', 'LU'), 'amount': O.

year', 'type': 'biosphere'},

{'input': ('biorefdb', 'MRD'), 'amount': 0

'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'FFD'), 'amount': 1

'type': 'biosphere'},

{'"input': ('biorefdb', 'H20'), 'amount': O

meter', 'type': 'biosphere'}l},
#P-fertilizer, as P205{GLO}, market for

90

: 0.0007307510000000001, 'unit':
.000563367, 'unit': 'kilogram',
: 0.0007537819999999999, 'unit':
.000934442, 'unit': 'kilogram',
.00034015300000000005, '"unit':
.4600000000000006e-05, 'unit':
6.142719753, 'unit': 'kilogram',
0.012407033999999999, 'unit':
0.020751685, 'unit': 'kilogram',
0.021164695, 'unit': 'kilogram',
0.9064101509999999, 'unit':
040209254, 'unit': 'squaremeter
002524469, 'unit': 'kilogram',
26727719699999997, 'unit':

006227986, 'unit': 'cubic meter',

'kilogram', 'type': 'process',
1.0, 'unit': 'kilogram', 'type':
.8894564739999997, 'unit':
36e-06, 'unit': 'kilogram',
089660003, 'unit':

: 0.0047212090000000005, 'unit':
004883223, 'unit': 'kilogram',
: 0.0049160259999999996, 'unit':
014229499, 'unit': 'kilogram',
0005778469999999999, 'unit':
000115323, 'unit': 'kilogram',
19.2202542, 'unit': 'kilogram',
0.060183911, 'unit': 'kilogram',
0.09959797599999999, 'unit':
0.053159011, 'unit': 'kilogram',
2.968096533, 'unit': 'kilogram',
040138148, 'unit': 'squaremeter
.011912731999999999, 'unit':
.55431272, 'unit': 'kilogram',

.18376514100000002, 'unit': 'cubic
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144 ('biorefdb', 'p-fertilizer'): 'p-fertilizer', 'unit': 'kilogram',
'type': 'process', 'exchanges':

145 {'input': ('biorefdb', 'p-fertilizer'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'production'},

146 {'"input': ('biorefdb', 0.860056156, 'unit': 'kilogram',
'type': 'biosphere'},

147 {'input': ('biorefdb', -2.61e-05, 'unit': 'kilogram',
'type': 'biosphere'},

148 {'input': ('biorefdb', 0.11128030800000001, 'unit':
'kilobecquerel', 'type': 'biosphere'},

149 {'"input': ('biorefdb', 'amount': 0.003998071, 'unit': 'kilogram',
'type': 'biosphere'},

150 {'"input': ('biorefdb', 0.008146645, 'unit': 'kilogram',
'type': 'biosphere'},

151 {'input': ('biorefdb', 'amount': 0.004065714000000001, 'unit':
'kilogram', 'type': 'biosphere'},

152 {'input': ('biorefdb', 0.015577354, 'unit': 'kilogram',
'type': 'biosphere'},

153 {'input': ('biorefdb', 0.002341785, 'unit': 'kilogram',
'type': 'biosphere'},

154 {'"input': ('biorefdb', 8.809999999999999e-05, 'unit':
'kilogram', 'type': 'biosphere'},

155 {'"input': ('biorefdb', 11.31426411, 'unit': 'kilogram',
'type': 'biosphere'},

156 {'input': ('biorefdb', 'FETP'), 'amount': 0.104942619, 'unit': 'kilogram',
'type': 'biosphere'},

157 {'input': ('biorefdb', 'METP'), 'amount': 0.149328385, 'unit': 'kilogram',
'type': 'biosphere'},

158 {'input': ('biorefdb', 'HCTP'), 'amount': 0.091493355, 'unit': 'kilogram',
'type': 'biosphere'},

159 {'input': ('biorefdb', 3.600045742, 'unit': 'kilogram',
'type': 'biosphere'},

160 {'"input': ('biorefdb', 0.247027373, 'unit': 'sgquaremeter
year', 'type': 'biosphere'},

16l {'"input': ('biorefdb', 0.09812374, 'unit': 'kilogram',
'type': 'biosphere'},

162 {'"input': ('biorefdb', 0.461347326, 'unit': 'kilogram',
'type': 'biosphere'},

163 {'input': ('biorefdb', 0.08618997800000001, 'unit': 'cubic
meter', 'type': 'biosphere'}l},

164 #Electricity, low voltage {DE}| market for

165 ('biorefdb', 'electricity'): 'electricity', 'unit': 'kilowatt hour',

'type': 'process', 'exchanges':

166 {'input': ('biorefdb', 'electricity'), 'amount': 1.0, 'unit': 'kilowatt
hour', 'type': 'production'},

167 {'"input': ('biorefdb', 0.136543079, 'unit': 'kilogram',
'type': 'biosphere'},

168 {'"input': ('biorefdb', 9.779999999999999e-08, 'unit':
'kilogram', 'type': 'biosphere'},

169 {'"input': ('biorefdb', 0.001783175, 'unit':
'kilobecquerel', 'type': 'biosphere'},

170 {'"input': ('biorefdb', 0.000216538, 'unit': 'kilogram',
'type': 'biosphere'},

171 {'input': ('biorefdb', 0.00010863, 'unit': 'kilogram',
'type': 'biosphere'},

172 {'input': ('biorefdb', "amount': 0.00022758, 'unit': 'kilogram',
'type': 'biosphere'},

173 {'"input': ('biorefdb', 6.7¢-05, 'unit': 'kilogram',
'type': 'biosphere'},

174 {'"input': ('biorefdb', 9.590000000000001e-05, 'unit':
'kilogram', 'type': 'biosphere'},

175 {'"input': ('biorefdb', 6.71le-06, 'unit': 'kilogram',
'type': 'biosphere'},

176 {'input': ('biorefdb', 2.197615264, 'unit': 'kilogram',
'type': 'biosphere'},

177 {'input': ('biorefdb', 0.061270104000000006, 'unit':
'kilogram', 'type': 'biosphere'},

178 {'input': ('biorefdb', 0.07772171900000001, 'unit':
'kilogram', 'type': 'biosphere'},

179 {'"input': ('biorefdb', 0.012012498, 'unit': 'kilogram',
'type': 'biosphere'},

180 {'"input': ('biorefdb', 0.506773085, 'unit': 'kilogram',
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'type': 'biosphere'},

{'input': ('biorefdb', 'LU'), 'amount': 0.003969451, 'unit': 'squaremeter

year', 'type': 'biosphere'},

{'"input': ('biorefdb', 'MRD'), 'amount': 0.001674449, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'FFD'), 'amount': 0.044166038, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'H20'), 'amount': 0.001595383, 'unit': 'cubic meter',
'type': 'biosphere'}l},

#Heat, district or industrial,
for

natural gas {Europe without Switzerland}| market

('biorefdb', 'heat'): {'name': 'heat',6 'unit': 'megajoule', 'type': 'process',
'exchanges': [
{'"input': ('biorefdb', 'heat'), 'amount': 1.0, 'unit': 'megajoule', 'type':

'production'},

{'"input': ('biorefdb', 'GWP'), 'amount': 0.16105591, 'unit': 'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'ODP'), 'amount': 1.69e-08, 'unit': 'kilogram',

'type': 'biosphere'},

{"input': ('biorefdb', 'IR'), 'amount': =-0.014713261000000002, 'unit':

'kilobecquerel', 'type':

'biosphere'},

{'input': ('biorefdb', 'POFPHH'), 'amount': 4.34e-05, 'unit': 'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'PMF'), 'amount': =7.520000000000001e-07, 'unit':

'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'POFPEQ'), 'amount': 4.7e-05, 'unit': 'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'TAP'), 'amount': 1.9699999999999998e-05, 'unit':
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'FEP'), 'amount': -1.09e-05, 'unit': 'kilogram',

'type': 'biosphere'},
{'input':
'type': 'biosphere'},
{"input':
'type': 'biosphere'},
{"input':
'type': 'biosphere'},
{'input':
'type': 'biosphere'},

('biorefdb', 'TETP'), 'amount': =-0.245432851, 'unit':
('biorefdb', 'FETP'), 'amount': -=0.008824007, 'unit':

('biorefdb', 'METP'), 'amount': -0.010750859, 'unit':

('biorefdb', 'MEP'), 'amount': =-9.62e-07, 'unit': 'kilogram',

'kilogram',
'kilogram',

'kilogram',

{'"input': ('biorefdb', 'HCTP'), 'amount': -0.001158296, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'HNCTP'), 'amount': =-0.075304386, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'LU'), 'amount': =0.034285382, 'unit': 'squaremeter
year', 'type': 'biosphere'},

{'"input': ('biorefdb', 'MRD'), 'amount': =0.000216762, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'FFD'), 'amount': 0.064936762, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'H20'), 'amount': -0.00019145299999999998, 'unit':

'cubic meter', 'type':

'biosphere'}1},

#Ethanol, without water, in 99.7% solution state, from ethylene {RER}| market for

('biorefdb', 'ethanol'): {'name': 'ethanol', 'unit': 'kilogram', 'type':
'process', 'exchanges': [
{'input': ('biorefdb', 'ethanol'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'production'},

{'input': ('biorefdb', 'GWP'), 'amount': 1.56029725, 'unit': 'kilogram',

'type': 'biosphere'},

{'input': ('biorefdb', 'ODP'), 'amount': 1.35e-07, 'unit': 'kilogram',

'type': 'biosphere'},

{'input': ('biorefdb', 'IR'), 'amount': =0.028296747, 'unit':

'kilobecquerel', 'type':

'biosphere'},

{'"input': ('biorefdb', 'POFPHH'), 'amount': 0.002894092, 'unit': 'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'PMF'), 'amount': 0.000939472, 'unit': 'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'POFPEQ'), 'amount': 0.0033342590000000004, 'unit':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'TAP'), 'amount': 0.0027426779999999997, 'unit':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'FEP'), 'amount': 0.0007628789999999999, 'unit':
'kilogram', 'type': 'biosphere'},
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{'"input': ('biorefdb', 'MEP'), 'amount':

'type': 'biosphere'},
{'input':
'type': 'biosphere'},
{'input':
'type': 'biosphere'},
{'input':
'type': 'biosphere'},
{"input':
'type': 'biosphere'},
{'input':
'type': 'biosphere'},

{'input': ('biorefdb', 'LU'), 'amount':
year', 'type': 'biosphere'},

{'input':
'type': 'biosphere'},

{'input': ('biorefdb', 'FFD'), 'amount':

'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'H20'), 'amount':

('biorefdb', 'TETP'), 'amount':
('biorefdb', 'FETP'), 'amount': 0.008949897, 'unit':
('biorefdb', 'METP'), 'amount': 0.017024897, 'unit':

('biorefdb', 'HCTP'), 'amount': 0.034938227, 'unit':

('biorefdb', 'MRD'), 'amount':
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2.44e-05, 'unit': 'kilogram',
2.123625234, 'unit': 'kilogram',
'kilogram',

'kilogram',

'kilogram',

('biorefdb', 'HNCTP'), 'amount': 0.872764434, 'unit': 'kilogram',

-0.009886866, 'unit': 'squaremeter
0.00226896, 'unit': 'kilogram',
1.0924729359999998, 'unit':

0.014553181, 'unit': 'cubic meter',

'type': 'biosphere'}l},
# Cooling energy {GLO}| market for
('biorefdb', 'cooling'): {'name': 'cooling', 'unit': 'megajoule', 'type':
'process', 'exchanges': [

{'input': ('biorefdb', 'cooling'), 'amount': 1.0, 'unit': 'megajoule',

'type': 'production'},

{'input': ('biorefdb', 'GWP'), 'amount':

'type': 'biosphere'},

{'input': ('biorefdb', 'ODP'), 'amount':

'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'IR'), 'amount':
'kilobecquerel', 'type': 'biosphere'},

0.148086309, 'unit': 'kilogram',
4.3899999999999996e-08, 'unit':

0.002431879, 'unit':

{"input': ('biorefdb', 'POFPHH'), 'amount': 0.00011507700000000001, 'unit':

'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'PMF'), 'amount':

'type': 'biosphere'},

7.96e-05, 'unit': 'kilogram',

{"input': ('biorefdb', 'POFPEQ'), 'amount': 0.00012018200000000001, 'unit':

'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'TAP'), 'amount':

'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'FEP'), 'amount':

'type': 'biosphere'},

{'input': ('biorefdb', 'MEP'), 'amount':

'type': 'biosphere'},
{'input':
'type': 'biosphere'},
{"input':
'type': 'biosphere'},
{'input':
'type': 'biosphere'},
{'input':
'type': 'biosphere'},
{'input':
'type': 'biosphere'},

{'input': ('biorefdb', 'LU'), 'amount':
year', 'type': 'biosphere'},

{'input': ('biorefdb', 'MRD'), 'amount':
'type': 'biosphere'},

('biorefdb', 'HNCTP'), 'amount':

0.00012990299999999998, 'unit':
2.64e-05, 'unit': 'kilogram',

1.57e-06, 'unit': 'kilogram',

('biorefdb', 'TETP'), 'amount': 0.301411366, 'unit': 'kilogram',
('biorefdb', 'FETP'), 'amount': 0.003692393, 'unit': 'kilogram',
('biorefdb', 'METP'), 'amount': 0.005241192, 'unit': 'kilogram',

('biorefdb', 'HCTP'), 'amount': 0.002323112, 'unit': 'kilogram',

0.102585919, 'unit': 'kilogram',
0.001201341, 'unit': 'squaremeter

0.000364303, 'unit': 'kilogram',

{'"input': ('biorefdb', 'FFD'), 'amount': 0.050946438, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'H20'), 'amount': 0.000699855, 'unit': 'cubic meter',
'type': 'biosphere'}l},
#wastewater from anaerobic digestion of whey {CH}| treatment of, capacity
1E91/year
('biorefdb', 'ww har'): {'name': 'ww_har', 'unit': 'cubic meter',6 'type':
'process', 'exchanges': [
{'input': ('biorefdb', 'ww har'), 'amount': 1.0, 'unit': 'cubic meter',
'type': 'production'},

{"input':
'type': 'biosphere'},
{"input':
'type': 'biosphere'},

{'input': ('biorefdb', 'IR'), 'amount':

('biorefdb', 'GWP'), 'amount':

('biorefdb', 'ODP'), 'amount':

20.32592157, 'unit': 'kilogram',
4.52e-05, 'unit': 'kilogram',

0.44849766700000004, 'unit':
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'kilobecquerel', 'type': 'biosphere'},

{'"input': ('biorefdb', 'POFPHH'), 'amount': 0.029642882000000002, 'unit':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'PMF'), 'amount': 0.008842205, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'POFPEQ'), 'amount': 0.030070711, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'TAP'), 'amount': 0.040892915, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'FEP'), 'amount': 0.090838881, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'MEP'), 'amount': 0.185435297, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'TETP'), 'amount': 30.79150239, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'FETP'), 'amount': 0.320852247, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'METP'), 'amount': 0.434904054, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'HCTP'), 'amount': -0.326284311, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'HNCTP'), 'amount': 7.27153051, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'LU'), 'amount': 0.282044226, 'unit': 'squaremeter
year', 'type': 'biosphere'},

{'input': ('biorefdb', 'MRD'), 'amount': 0.135825883, 'unit': 'kilogram',
'type': 'biosphere'},

{"input': ('biorefdb', 'FFD'), 'amount': 1.302806741, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'H20'), 'amount': -0.860724387, 'unit': 'cubic
meter', 'type': 'biosphere'}]l},

#Chemical factory,

organics {GLO} |

market for

('biorefdb', 'factory'): {'name': 'factory', 'unit': 'piece', 'type': 'process',

'exchanges': [
{'input': ('biorefdb', 'factory'), 'amount': 1.0, 'unit': 'piece', 'type':
'production'},
{'"input': ('biorefdb', 'GWP'), 'amount': 161325303.7, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'ODP'), 'amount': 92.41618267, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'IR'), 'amount': 6334595.857000001, 'unit':
'kilobecquerel', 'type': 'biosphere'},
{'"input': ('biorefdb', 'POFPHH'), 'amount': 443211.6364, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'PMF'), 'amount': 330038.917, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'POFPEQ'), 'amount': 456327.8635, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'TAP'), 'amount': 79006.31407000001, 'unit':
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'FEP'), 'amount': 400235.6212, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'MEP'), 'amount': 20118.51368, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'TETP'), 'amount': 6367958232.0, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'FETP'), 'amount': 61895857.19, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'METP'), 'amount': 88013243.58, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'HCTP'), 'amount': 30734424.15, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'HNCTP'), 'amount': 2189105319.0, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'LU'), 'amount': 25599356.64, 'unit': 'squaremeter
year', 'type': 'biosphere'},
{'"input': ('biorefdb', 'MRD'), 'amount': 6846395.706, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'FFD'), 'amount': 37843582.45, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'H20'), 'amount': 1855436.5, 'unit': 'cubic meter',

'type':

'biosphere'}1},



Appendix B

290
291

292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310

311
312

313
314
315
316
317
318
319
320
321
322
323
324
325

326

#Enzymes {GLO} |

market for enzymes
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('biorefdb', 'enzymes'): {'name': 'enzymes', 'unit': 'kilogram',6 'type':
'process', 'exchanges': [
{'"input': ('biorefdb', 'enzymes'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'production'},
{'"input': ('biorefdb', 'GWP'), 'amount': 6.296996917, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'ODP'), 'amount': 2.9600000000000005e-05, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'IR'), 'amount': 0.523030929, 'unit':
'kilobecquerel', 'type': 'biosphere'},
{'input': ('biorefdb', 'POFPHH'), 'amount': 0.014013562, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'PMF'), 'amount': 0.011925445, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'POFPEQ'), 'amount': 0.014345896, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'TAP'), 'amount': 0.032129616, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FEP'), 'amount': 0.003219702, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'MEP'), 'amount': 0.007980136, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'TETP'), 'amount': 40.96757371, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'FETP'), 'amount': 0.374935794, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'METP'), 'amount': 0.552888655, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'HCTP'), 'amount': 0.210816313, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'HNCTP'), 'amount': 19.72256277, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'LU'), 'amount': 5.74652368, 'unit': 'squaremeter
year', 'type': 'biosphere'},
{"input': ('biorefdb', 'MRD'), 'amount': 0.032285844, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'FFD'), 'amount': 1.72119936, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'H20'), 'amount': 0.082586618, 'unit': 'cubic meter',
'type': 'biosphere'}l},
#Ammonium sulfate, as N {GLO}| market for
('biorefdb', '(NH4)2S04'): {'name': '(NH4)2S04', 'unit': 'kilogram',6 'type':
'process', 'exchanges': [
{'input': ('biorefdb', '(NH4)2S04'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'production'},

{'"input': ('biorefdb', 'GWP'), 'amount': 3.9166014860000002, 'unit':
'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'ODP'), 'amount': 9.56e-07, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'IR'), 'amount': =0.414434804, 'unit':
'kilobecquerel', 'type': 'biosphere'},

{'input': ('biorefdb', 'POFPHH'), 'amount': 0.004723794, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'PMF'), 'amount': 0.003349216, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'POFPEQ'), 'amount': 0.00493708, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'TAP'), 'amount': 0.005729025, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'FEP'), 'amount': 0.001541649, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'MEP'), 'amount': 8.13e-05, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'TETP'), 'amount': 10.17854414, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'FETP'), 'amount': 0.018404289, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'METP'), 'amount': 0.050618932, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'HCTP'), 'amount': 0.09096229900000001, 'unit':

'kilogram', 'type':

'biosphere'},
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327 {"input': ('biorefdb', 'HNCTP'), 'amount': 4.076291278999999, 'unit':
'kilogram', 'type': 'biosphere'},

328 {'"input': ('biorefdb', 'LU'), 'amount': 0.043661984, 'unit': 'squaremeter
year', 'type': 'biosphere'},

329 {'"input': ('biorefdb', 'MRD'), 'amount': 0.01075181, 'unit': 'kilogram',
'type': 'biosphere'},

330 {'input': ('biorefdb', 'FEFD'), 'amount': 1.343235775, 'unit': 'kilogram',
'type': 'biosphere'},

331 {'input': ('biorefdb', 'H20'), 'amount': 0.025721355, 'unit': 'cubic meter',
'type': 'biosphere'}l},

332 #Isopropanol {RER}| market for isopropanol

333 ('biorefdb', 'isopropanol'): {'name': 'isopropanol', 'unit': 'kilogram', 'type':

'process', 'exchanges': [

334 {'input': ('biorefdb', 'isopropanol'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'production'},

335 {'"input': ('biorefdb', 'GWP'), 'amount': 2.169168902, 'unit': 'kilogram',
'type': 'biosphere'},

336 {'"input': ('biorefdb', 'ODP'), 'amount': 2.5e-07, 'unit': 'kilogram',
'type': 'biosphere'},

337 {'"input': ('biorefdb', 'IR'), 'amount': 0.011198045, 'unit':
'kilobecquerel', 'type': 'biosphere'},

338 {'input': ('biorefdb', 'POFPHH'), 'amount': 0.0038463390000000003, 'unit':
'kilogram', 'type': 'biosphere'},

339 {'"input': ('biorefdb', 'PMF'), 'amount': 0.002066798, 'unit': 'kilogram',
'type': 'biosphere'},

340 {'input': ('biorefdb', 'POFPEQ'), 'amount': 0.004434227, 'unit': 'kilogram',
'type': 'biosphere'},

341 {'"input': ('biorefdb', 'TAP'), 'amount': 0.005395626, 'unit': 'kilogram',
'type': 'biosphere'},

342 {'input': ('biorefdb', 'FEP'), 'amount': 0.000376951, 'unit': 'kilogram',
'type': 'biosphere'},

343 {'input': ('biorefdb', 'MEP'), 'amount': 2.22e-05, 'unit': 'kilogram',
'type': 'biosphere'},

344 {'input': ('biorefdb', 'TETP'), 'amount': 4.749488885, 'unit': 'kilogram',
'type': 'biosphere'},

345 {"input': ('biorefdb', 'FETP'), 'amount': 0.030568757000000002, 'unit':
'kilogram', 'type': 'biosphere'},

346 {"input': ('biorefdb', 'METP'), 'amount': 0.045422647999999996, 'unit':
'kilogram', 'type': 'biosphere'},

347 {'"input': ('biorefdb', 'HCTP'), 'amount': 0.038111464, 'unit': 'kilogram',
'type': 'biosphere'},

348 {'"input': ('biorefdb', 'HNCTP'), 'amount': 1.186796363, 'unit': 'kilogram',
'type': 'biosphere'},

349 {'input': ('biorefdb', 'LU'), 'amount': 0.013328415, 'unit': 'squaremeter
year', 'type': 'biosphere'},

350 {'"input': ('biorefdb', 'MRD'), 'amount': 0.003405435, 'unit': 'kilogram',
'type': 'biosphere'},

351 {'"input': ('biorefdb', 'FFD'), 'amount': 1.367379797, 'unit': 'kilogram',
'type': 'biosphere'},

352 {'input': ('biorefdb', 'H20'), 'amount': 0.018076459, 'unit': 'cubic meter',
'type': 'biosphere'}l},

353 #Wastewater, average {Europe without Switzerland}| market for wastewater, average

354 ('biorefdb', 'ww dl'): {'name': 'ww dl', 'unit': 'cubic meter', 'type':

'process', 'exchanges': [

355 {'input': ('biorefdb', 'ww dl'), 'amount': 1.0, 'unit': 'cubic meter',
'type': 'production'},

356 {'input': ('biorefdb', 'GWP'), 'amount': 0.491133658, 'unit': 'kilogram',
'type': 'biosphere'},

357 {'input': ('biorefdb', 'ODP'), 'amount': 1.43e-06, 'unit': 'kilogram',
'type': 'biosphere'},

358 {'"input': ('biorefdb', 'IR'), 'amount': 0.017610043, 'unit':
'kilobecquerel', 'type': 'biosphere'},

359 {"input': ('biorefdb', 'POFPHH'), 'amount': 0.0017711970000000002, 'unit':
'kilogram', 'type': 'biosphere'},

360 {'"input': ('biorefdb', 'PMF'), 'amount': 0.001420767, 'unit': 'kilogram',
'type': 'biosphere'},

361 {'"input': ('biorefdb', 'POFPEQ'), 'amount': 0.00182678, 'unit': 'kilogram',
'type': 'biosphere'},

362 {'"input': ('biorefdb', 'TAP'), 'amount': 0.0034705709999999996, 'unit':
'kilogram', 'type': 'biosphere'},

363 {'input': ('biorefdb', 'FEP'), 'amount': 0.001106749, 'unit': 'kilogram',

'type': 'biosphere'},



Appendix B

364
365
366
367
368
369

370

372
373

374
375

376
377

378
379

380
381

382
383

384
385

386
387

388
389

390
391

392
393

394
395

396
397

398
399

400
401

402

403
404

405
406

407
408

{'"input': ('biorefdb', 'MEP'), 'amount': 0.005795862, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'TETP'), 'amount': 2.459676588, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'FETP'), 'amount': 0.037998104, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'METP'), 'amount': 0.051588342, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'HCTP'), 'amount': 0.080949175, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'HNCTP'), 'amount': 2.900621667, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'LU'), 'amount': 0.031182364, 'unit': 'squaremeter
year', 'type': 'biosphere'},
{'"input': ('biorefdb', 'MRD'), 'amount': 0.013125474, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FED'), 'amount': 0.106659746, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'H20'), 'amount': =-0.895042907, 'unit': 'cubic
meter', 'type': 'biosphere'}l},
# Foreground system
('biorefdb', 'commonpath'): {'name': 'commonpath', 'unit': 'kilogram',6 'type':
'process', 'exchanges': [
# Algae biomass, dry mass
{'input': ('biorefdb', 'commonpath'), 'amount': 1.0, 'unit': 'kilogram',
'"type': 'production'},
# Water required for cultivation
{'"input': ('biorefdb', 'water'), 'amount': 0.0, 'unit': 'kilogram', 'type':

'technosphere'},

# CO2 required for cultivation

{'"input': ('biorefdb', 'C02'), 'amount': 4.0, 'unit': 'kilogram',6 'type':
'technosphere'},

# Urea as N-source required for cultivation

{'input': ('biorefdb', 'urea'), 'amount': 0.1, 'unit': 'kilogram', 'type':
'technosphere'},

# P-fertilizer required for cultivation

{'input': ('biorefdb', 'p-fertilizer'), 'amount': 0.025, 'unit':
'kilogram', 'type': 'technosphere'},

# Electricity required for cultivation

{'input': ('biorefdb', 'electricity'), 'amount': 30.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for cultivation

{'"input': ('biorefdb', 'heat'), 'amount': 1000.0, 'unit': 'megajoule',
'type': 'technosphere'},

# Electricity required for harvesting

{'input': ('biorefdb', 'electricity'), 'amount': 0.1, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Water required for dilution

{'input': ('biorefdb', 'water'), 'amount': 5.0, 'unit': 'kilogram', 'type':
'technosphere'},

# Electricity required for cell disruption

{'input': ('biorefdb', 'electricity'), 'amount': 50.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},
# Electricity required for centrifugation
{'"input': ('biorefdb', 'electricity'), 'amount': 0.01, 'unit': 'kilowatt
hour', 'type': 'technosphere'},
# Wastewater after harvesting, including excess nutrients
{'input': ('biorefdb', 'ww dl'), 'amount': 0.0095, 'unit': 'cubic meter',
'type': 'technosphere'},
# CO2 emissions of cultivation stage
{'input': ('biorefdb', 'GWP'), 'amount': 2.0, 'unit': 'kilogram', 'type':
'biosphere'}1},
('biorefdb', 'pathAl'): {'name': 'pathAl', 'unit': 'kilogram', 'type':
'process', 'exchanges': [
# Reference flow: treated algae biomass, dry mass
{'input': ('biorefdb', 'pathAl'), 'amount': 1.0, 'unit': 'kilogram',6 'type':

'production'},

# Cultivated algae biomass, dry mass

{'input': ('biorefdb', 'commonpath'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'technosphere'},

# Solvent required for lipid extraction (PathA)

{'input': ('biorefdb', 'ethanol'), 'amount': 0.1, 'unit': 'cubic meter',
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'type': 'technosphere'},

# Electricity required for solvent extraction (PathA)

{'input': ('biorefdb', 'electricity'), 'amount': 0.0192, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for solvent extraction (PathA)

{'"input': ('biorefdb', 'heat'), 'amount': 46753.0, 'unit': 'megajoule',
'type': 'technosphere'},

# Electricity required for centrifugation (Patha)

{'input': ('biorefdb', 'electricity'), 'amount': 0.103, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Electricity required for evaporation of solvent (PathA)

{'input': ('biorefdb', 'electricity'), 'amount': 43475.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for evaporation of solvent (PathA)

{'input': ('biorefdb', 'heat'), 'amount': 33.6, 'unit': 'megajoule', 'type':

'technosphere'},
# Electricity required for condensation of solvent (PathA)

{'"input': ('biorefdb', 'electricity'), 'amount': 43475.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Cooling energy required for condensation of solvent (PathA)

{'input': ('biorefdb', 'cooling'), 'amount': 33.6, 'unit': 'megajoule',
'type': 'technosphere'},

# Extracted lipids (PathA)

{'input': ('biorefdb', 'lipidsA'), 'amount': 0.104, 'unit': 'kilogram',
'type': 'biosphere'},

# Protein-rich residue (PathA)

{'input': ('biorefdb', 'proteinsA'), 'amount': 0.537, 'unit': 'kilogram',
'type': 'biosphere'},

# Electricity required for ultrafiltration (Pathl)

{'input': ('biorefdb', 'electricity'), 'amount': 0.028, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Water required for diafiltration (Pathl)

{'input': ('biorefdb', 'water'), 'amount': 49.8, 'unit': 'kilogram',6 'type':

'technosphere'},

# Electricity required for diafiltration (Pathl)

{'"input': ('biorefdb', 'electricity'), 'amount': 0.0187, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Extracted polysaccarides (Pathl)

{'input': ('biorefdb', 'polysaccharidesl'), 'amount': 0.205, 'unit':
'kilogram', 'type': 'biosphere'},

# Extracted proteins (Pathl)

{'input': ('biorefdb', 'proteinsl'), 'amount': 0.154, 'unit': 'kilogram',
'type': 'biosphere'},

# Infrstructure of biorefinery (PathAl)

{'"input': ('biorefdb', 'factory'), 'amount': 4e-10, 'unit': 'piece', 'type':

'technosphere'},
# Land occupation of biorefinery (PathAl)

{'"input': ('biorefdb', 'occupation'), 'amount': 1.0, 'unit': 'squaremeter
year', 'type': 'biosphere'},
# Landtransformation of biorefinery (PathAl)
{'"input': ('biorefdb', 'transformation'), 'amount': 0.05, 'unit':
'squaremeter', 'type': 'biosphere'},
# Electricity required for drying (PathAl)
{'input': ('biorefdb', 'electricity'), 'amount': 43589.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},
# Heat required for drying (PathAl)
{'input': ('biorefdb', 'heat'), 'amount': 45.0, 'unit': 'megajoule', 'type':
'technosphere'}]},
('biorefdb', 'pathA2'): {'name': 'pathA2', 'unit': 'kilogram',6 'type':
'process', 'exchanges': [

# Reference flow: treated algae biomass, dry mass

{'input': ('biorefdb', 'pathA2'), 'amount': 1.0, 'unit': 'kilogram',6 'type':

'production'},
# Cultivated algae biomass, dry mass

{'input': ('biorefdb', 'commonpath'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'technosphere'},

# Solvent required for lipid extraction (PathA)

{'input': ('biorefdb', 'ethanol'), 'amount': 0.1, 'unit': 'cubic meter',
'type': 'technosphere'},

# Electricity required for solvent extraction (PathA)

{'input': ('biorefdb', 'electricity'), 'amount': 0.0192, 'unit': 'kilowatt

hour', 'type': 'technosphere'},
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# Heat required for solvent extraction (PathA)

{'input': ('biorefdb', 'heat'), 'amount': 46753.0, 'unit': 'megajoule',
'type': 'technosphere'},

# Electricity required for centrifugation (PathA)

{'input': ('biorefdb', 'electricity'), 'amount': 0.103, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Electricity required for evaporation of solvent (PathA)

{'"input': ('biorefdb', 'electricity'), 'amount': 43475.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for evaporation of solvent (PathA)

{'"input': ('biorefdb', 'heat'), 'amount': 33.6, 'unit': 'megajoule', 'type':

'technosphere'},
# Electricity required for condensation of solvent (PathA)

{'input': ('biorefdb', 'electricity'), 'amount': 43475.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Cooling energy required for condensation of solvent (PathA)

{'"input': ('biorefdb', 'cooling'), 'amount': 33.6, 'unit': 'megajoule',
'type': 'technosphere'},

# Extracted lipids (PathA)

{'input': ('biorefdb', 'lipidsA'), 'amount': 0.104, 'unit': 'kilogram',
'type': 'biosphere'},

# Protein-rich residue (PathA)

{'"input': ('biorefdb', 'proteinsA'), 'amount': 0.537, 'unit': 'kilogram',
'type': 'biosphere'},

# Water required for TPP (Path2) - optional, only if biomass content is
higher 3.75%

{'input': ('biorefdb', 'water'), 'amount': 0.925, 'unit': 'kilogram',
'"type': 'technosphere'},

# Enzymes required for TPP (Path2)

{'input': ('biorefdb', 'enzymes'), 'amount': 0.016, 'unit': 'kilogram',
'type': 'technosphere'},

# Ammonium sulphate required for TPP (Path2)

{'input': ('biorefdb', '(NH4)2S04'), 'amount': 0.4, 'unit': 'kilogram',
'type': 'technosphere'},

# Isopropanol required for TPP (Path2)

{'"input': ('biorefdb', 'isopropanol'), 'amount': 1.572, 'unit': 'kilogram',
'type': 'technosphere'},

# Electricity required for TPP (Path2)

{'input': ('biorefdb', 'electricity'), 'amount': 0.0108, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Water required for dialysis (Path2)

{'input': ('biorefdb', 'water'), 'amount': 10.0, 'unit': 'kilogram',6 'type':

'technosphere'},
# Electricity required for dialysis (Path2)

{'"input': ('biorefdb', 'electricity'), 'amount': 0.6, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Wastewater from dialysis (Path2)

{'input': ('biorefdb', 'ww dl'), 'amount': 1.0, 'unit': 'cubic meter',
'type': 'technosphere'},

# Extracted polysaccarides (Path2)

{'input': ('biorefdb', 'polysaccharides2'), 'amount': 0.0556, 'unit':
'kilogram', 'type': 'biosphere'},

# Extracted proteins (Path2)

{'input': ('biorefdb', 'proteins2'), 'amount': 0.182, 'unit': 'kilogram',
'type': 'biosphere'},

# Infrstructure of biorefinery (PathA2)

{'input': ('biorefdb', 'factory'), 'amount': 4e-10, 'unit': 'piece', 'type':

'technosphere'},
# Land occupation of biorefinery (PathA2)

{'input': ('biorefdb', 'occupation'), 'amount': 1.0, 'unit': 'squaremeter
year', 'type': 'biosphere'},

# Landtransformation of biorefinery (PathA2)

{'input': ('biorefdb', 'transformation'), 'amount': 0.05, 'unit':
'squaremeter', 'type': 'biosphere'},

# Electricity required for drying (PathA2)

{'input': ('biorefdb', 'electricity'), 'amount': 43589.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for drying (PathA2)

{'input': ('biorefdb', 'heat'), 'amount': 45.0, 'unit': 'megajoule', 'type':

'technosphere'},
# Electricity required for centrifugation before (TPP) -optional, only if
biomass content is below 3%
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{'input': ('biorefdb', 'electricity'), 'amount': 0.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Wastewater of centrifugation before (TPP) -optional, only if biomass
content is below 3%

{'input': ('biorefdb', 'ww dl'), 'amount': 0.0, 'unit': 'cubic meter',
'type': 'technosphere'}l},
('biorefdb', 'pathBl'): {'name': 'pathBl', 'unit': 'kilogram',6 'type':
'process', 'exchanges': [

# Reference flow: treated algae biomass, dry mass

{'input': ('biorefdb', 'pathBl'), 'amount': 1.0, 'unit': 'kilogram',6 'type':

'production'},
# Cultivated algae biomass, dry mass

{'input': ('biorefdb', 'commonpath'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'technosphere'},

# Ethanol required for SC-CO2 Extraction (PathB)

{'input': ('biorefdb', 'ethanol'), 'amount': 0.128, 'unit': 'kilogram',
'type': 'technosphere'},

# Electricity required for SC-CO2 Extraction (PathB)

{'"input': ('biorefdb', 'electricity'), 'amount': 0.641, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Electricity required for evaporation of ethanol (PathB)

{'input': ('biorefdb', 'electricity'), 'amount': 16862.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for evaporation of ethanol (PathB)

{'input': ('biorefdb', 'heat'), 'amount': 43536.0, 'unit': 'megajoule',
'type': 'technosphere'},

# Electricity required for condensation of ethanol (PathB)

{'input': ('biorefdb', 'electricity'), 'amount': 16862.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Cooling energy required for condensation of ethanol (PathB)

{'input': ('biorefdb', 'cooling'), 'amount': 43536.0, 'unit': 'megajoule',
'type': 'technosphere'},

# Extracted lipids (PathB)

{'input': ('biorefdb', 'lipidsB'), 'amount': 0.104, 'unit': 'kilogram',
'type': 'biosphere'},

# # Protein-rich residue (PathB)

{'input': ('biorefdb', 'proteinsB'), 'amount': 0.512, 'unit': 'kilogram',
'type': 'biosphere'},

# Electricity required for ultrafiltration (Pathl)

{'input': ('biorefdb', 'electricity'), 'amount': 0.028, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Water required for diafiltration (Pathl)

{'"input': ('biorefdb', 'water'), 'amount': 49.8, 'unit': 'kilogram',6 'type':

'technosphere'},

# Electricity required for diafiltration (Pathl)

{'"input': ('biorefdb', 'electricity'), 'amount': 0.0187, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Extracted polysaccarides (Pathl)

{'input': ('biorefdb', 'polysaccharidesl'), 'amount': 0.205, 'unit':
'kilogram', 'type': 'biosphere'},

# Extracted proteins (Pathl)

{'input': ('biorefdb', 'proteinsl'), 'amount': 0.154, 'unit': 'kilogram',
'type': 'biosphere'},

# Infrstructure of biorefinery (PathBl)

{'"input': ('biorefdb', 'factory'), 'amount': 4e-10, 'unit': 'piece', 'type':

'technosphere'},
# Land occupation of biorefinery (PathBl)

{'input': ('biorefdb', 'occupation'), 'amount': 1.0, 'unit': 'squaremeter
year', 'type': 'biosphere'},
# Landtransformation of biorefinery (PathBl)
{'input': ('biorefdb', 'transformation'), 'amount': 0.05, 'unit':
'squaremeter', 'type': 'biosphere'},
# Electricity required for drying (PathBl)
{'input': ('biorefdb', 'electricity'), 'amount': 43589.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},
# Heat required for drying (PathBl)
{'input': ('biorefdb', 'heat'), 'amount': 45.0, 'unit': 'megajoule', 'type':
'technosphere'}]},
('biorefdb', 'pathB2'): {'name': 'pathB2', 'unit': 'kilogram',6 'type':
'process', 'exchanges': [

# Reference flow: treated algae biomass, dry mass

{'"input': ('biorefdb', 'pathB2'), 'amount': 1.0, 'unit': 'kilogram',6 'type':
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'production'},
# Cultivated algae biomass, dry mass

{'input': ('biorefdb', 'commonpath'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'technosphere'},

# Ethanol required for SC-CO2 Extraction (PathB)

{'"input': ('biorefdb', 'ethanol'), 'amount': 0.128, 'unit': 'kilogram',
'type': 'technosphere'},

# Electricity required for SC-CO2 Extraction (PathB)

{'input': ('biorefdb', 'electricity'), 'amount': 0.641, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Electricity required for evaporation of ethanol (PathB)

{'input': ('biorefdb', 'electricity'), 'amount': 16862.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for evaporation of ethanol (PathB)

{'"input': ('biorefdb', 'heat'), 'amount': 43536.0, 'unit': 'megajoule',
'type': 'technosphere'},

# Electricity required for condensation of ethanol (PathB)

{'"input': ('biorefdb', 'electricity'), 'amount': 16862.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Cooling energy required for condensation of ethanol (PathB)

{'input': ('biorefdb', 'cooling'), 'amount': 43536.0, 'unit': 'megajoule',
'type': 'technosphere'},

# Extracted lipids (PathB)

{'input': ('biorefdb', 'lipidsB'), 'amount': 0.104, 'unit': 'kilogram',
'type': 'biosphere'},

# # Protein-rich residue (PathB)

{'input': ('biorefdb', 'proteinsB'), 'amount': 0.512, 'unit': 'kilogram',
'type': 'biosphere'},

# Water required for TPP (Path2) - optional, only if biomass content is
higher 3.75%

{'"input': ('biorefdb', 'water'), 'amount': 0.925, 'unit': 'kilogram',
'type': 'technosphere'},

# Enzymes required for TPP (Path2)

{'input': ('biorefdb', 'enzymes'), 'amount': 0.016, 'unit': 'kilogram',
'type': 'technosphere'},

# Ammonium sulphate required for TPP (Path2)

{'input': ('biorefdb', '(NH4)2S04'), 'amount': 0.4, 'unit': 'kilogram',
'type': 'technosphere'},

# Isopropanol required for TPP (Path2)

{'input': ('biorefdb', 'isopropanol'), 'amount': 1.572, 'unit': 'kilogram',
'type': 'technosphere'},

# Electricity required for TPP (Path2)

{'"input': ('biorefdb', 'electricity'), 'amount': 0.0108, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Water required for dialysis (Path2)

{'input': ('biorefdb', 'water'), 'amount': 10.0, 'unit': 'kilogram', 'type':

'technosphere'},
# Electricity required for dialysis (Path2)

{'input': ('biorefdb', 'electricity'), 'amount': 0.6, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Wastewater from dialysis (Path2)

{'input': ('biorefdb', 'ww dl'), 'amount': 1.0, 'unit': 'cubic meter',
'type': 'technosphere'},

# Extracted polysaccarides (Path?2)

{'"input': ('biorefdb', 'polysaccharides2'), 'amount': 0.0556, 'unit':
'kilogram', 'type': 'biosphere'},

# Extracted proteins (Path2)

{'"input': ('biorefdb', 'proteins2'), 'amount': 0.182, 'unit': 'kilogram',
'type': 'biosphere'},

# Infrstructure of biorefinery (PathB2)

{'input': ('biorefdb', 'factory'), 'amount': 4e-10, 'unit': 'piece',6K 'type':

'technosphere'},
# Land occupation of biorefinery (PathB2)

{'input': ('biorefdb', 'occupation'), 'amount': 1.0, 'unit': 'squaremeter
year', 'type': 'biosphere'},

# Landtransformation of biorefinery (PathB2)

{'input': ('biorefdb', 'transformation'), 'amount': 0.05, 'unit':
'squaremeter', 'type': 'biosphere'},

# Electricity required for drying (PathB2)

{'"input': ('biorefdb', 'electricity'), 'amount': 43589.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for drying (PathB2)
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{"input'

: ('biorefdb', 'heat'),

'technosphere'},
# Electricity required for centrifugation before (TPP)
biomass content is below 3%

'amount': 45.0, 'unit'

{'input': ('biorefdb', 'electricity'), 'amount': 0.0,
hour', 'type': 'technosphere'},

# Wastewater of centrifugation before (TPP) -optional,
content is below 3%

{'input': ('biorefdb', 'ww dl'), 'amount': 0.0, 'unit'
'type': 'technosphere'}l},

: 'megajoule', 'type':
-optional, only if
'unit': 'kilowatt

only if biomass

: 'cubic meter',

# Reference products with names of datasets in ecoinvent 3.5 consequential

# Non-ionic surfactant {GLO} |

derivate

('biorefdb’',

'process',
{"input'
'type':
{'input'
'type':
{'input'
'type':
{'input'

'kilobecquerel',

{'input’

'kilogram',

'surfactant'): {'name'

'exchanges': [

: ('biorefdb',
'production'},

: ('biorefdb', 'GwWP'),
'biosphere'},

: ('biorefdb', 'ODP'),
'biosphere'},

: ('biorefdb', 'IR'),

'type':
: ('biorefdb',
'type':

'surfactant'),

"amount': 0.167546602,
'biosphere'},

"POFPHH'),
'biosphere'},

: 'surfactant', 'unit':

non-ionic surfactant production, ethylene oxide

'kilogram', 'type':

'amount': 1.0, 'unit': 'kilogram',
'amount': 3.573787608, 'unit': 'kilogram',
'amount': 6.35e-06, 'unit': 'kilogram',

"amount':

0.008373130999999999,

'unit':

'unit':

{'"input': ('biorefdb', 'PMF'), 'amount': 0.004082067, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'POFPEQ'), 'amount': 0.01002317, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'TAP'), 'amount': 0.009541993, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'FEP'), 'amount': 0.000876223, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'MEP'), 'amount': 0.002523184, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'TETP'), 'amount': 9.711496295, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'FETP'), 'amount': 0.19278824100000003, 'unit':

'kilogram',

{'input'
'type':
{'input'
'type':
{'input'
'type':
{'input’
year',
{"input'

'kilogram',

{'input'
'type':
{'input'
'type':

'type':

'type':

: ('biorefdb', 'METP'),
'biosphere'},
: ('biorefdb', 'HCTP'),
'biosphere'},
: ('biorefdb', 'HNCTP')

'biosphere'},

: ('biorefdb', 'LU"),
'biosphere'},

: ('biorefdb', 'MRD'),
'type':

"amount': 1.630109553,

'biosphere'},

'amount': 0.176157037,

"amount': 0.108211368,

, 'amount': 4.003204053,

'amount': 0.013519456000000001,
'biosphere'},

'unit': 'kilogram',

'unit': 'kilogram',

'unit': 'kilogram',
'unit': 'squaremeter

'unit':

: ('biorefdb', 'FFD'), 'amount': 1.58879178, 'unit': 'kilogram',
'biosphere'},
: ('biorefdb', 'H20'), 'amount': 0.23974453, 'unit': 'cubic meter',
'biosphere'}1},

# Protein feed, 100% crude {GLO}| market for
'protein feed'): {'name': 'protein feed', 'unit': 'kilogram',

('biorefdb’',

'type': 'process', 'exchanges': [
{'input': ('biorefdb', 'protein feed'), 'amount': 1.0, 'unit': 'kilogram',
'"type': 'production'},
{'input': ('biorefdb', 'GWP'), 'amount': 7.3135696370000005, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'ODP'), 'amount': =7.67e-06, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'IR'), 'amount': -0.023477968, 'unit':
'kilobecquerel', 'type': 'biosphere'},
{'"input': ('biorefdb', 'POFPHH'), 'amount': 0.0015728839999999999, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'PMF'), 'amount': 0.004774945, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'POFPEQ'), 'amount': 0.002542415, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'TAP'), 'amount': =-0.007876243, 'unit': 'kilogram',

'type':

'biosphere'},
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{"input': ('biorefdb', 'FEP'), 'amount': 0.00010248100000000001, 'unit':
'kilogram', 'type': 'biosphere', 'output': ('biorefdb', 'protein feed')},
{'"input': ('biorefdb', 'MEP'), 'amount': =-0.0038912559999999996, 'unit':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'TETP'), 'amount': =-1.6105240980000002, 'unit':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'FETP'), 'amount': 0.025934677000000003, 'unit':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'METP'), 'amount': -0.036448784, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'HCTP'), 'amount': -0.016538496, 'unit': 'kilogram',
'type': 'biosphere'},

{"input': ('biorefdb', 'HNCTP'), 'amount': =3.9890310610000004, 'unit':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'LU'), 'amount': 8.89736254, 'unit': 'squaremeter
year', 'type': 'biosphere'},

{'input': ('biorefdb', 'MRD'), 'amount': -0.008187308, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'FFD'), 'amount': 0.056895017, 'unit': 'kilogram',
'type': 'biosphere'},

{"input':

('biorefdb', 'H20'), 'amount': -0.570542564, 'unit': 'cubic

meter', 'type': 'biosphere'}l},

# Energy feed, gross {GLO}|

market for

('biorefdb', 'energy feed'): {'name': 'energy feed', 'unit': 'megajoule’,
'type': 'process', 'exchanges': [
{'input': ('biorefdb', 'energy feed'), 'amount': 1.0, 'unit': 'megajoule',

'type': 'production'},
{'"input': ('biorefdb',

'GWP'), 'amount': -0.0040823790000000006, 'unit':

'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',

'kilobecquerel', 'type':

{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'squaremeter year',
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type':
# Maize grain, feed {GLO}|

'type':

'biosphere'}1},

'ODP'), 'amount': 7.37e-07, 'unit': 'kilogram',
'IR'"), 'amount': 0.000651737, 'unit':

'biosphere'},

'"POFPHH'), 'amount': 0.000122428, 'unit': 'kilogram',
'"PMF'), 'amount': 4.92e-05, 'unit': 'kilogram',
'"POFPEQ'), 'amount': 0.000118854, 'unit': 'kilogram',
'"TAP'), 'amount': 0.000329718, 'unit': 'kilogram',
'"FEP'), 'amount': 1.62e-05, 'unit': 'kilogram',
'MEP'), 'amount': 0.000191107, 'unit': 'kilogram',
'"TETP'), 'amount': 0.140524227, 'unit': 'kilogram',
'FETP'), 'amount': 0.001276356, 'unit': 'kilogram',
'METP'), 'amount': 0.002229499, 'unit':

'kilogram',

'"HCTP'), 'amount': 0.001193693, 'unit': 'kilogram',

'"HNCTP'), 'amount': 0.08034274, 'unit': 'kilogram',

'LU"), 'amount': 0.060244334000000004, 'unit':

'biosphere'},
'MRD'), 'amount': 0.000359877, 'unit': 'kilogram',
'"FFD'), 'amount': 0.007236376, 'unit': 'kilogram',
'H20'), 'amount': 0.014981525, 'unit': 'cubic meter',

market for

('biorefdb', 'maize'): {'name': 'maize', 'unit': 'kilogram', 'type': 'process',
'exchanges': [
{'input': ('biorefdb', 'maize'), 'amount': 1.0, 'unit': 'kilogram',6 'type':
'production'},
{'"input': ('biorefdb', 'GWP'), 'amount': 0.617663539, 'unit': 'kilogram',

'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},

'ODP'), 'amount': 5.56e-06, 'unit': 'kilogram',
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{'input': ('biorefdb', 'IR'), 'amount': =0.
'kilobecquerel', 'type': 'biosphere'},
{'input': ('biorefdb', 'POFPHH'), 'amount'
'type': 'biosphere'},

{'input': ('biorefdb', 'PMF'), 'amount': 0.
'type': 'biosphere'},

{'input': ('biorefdb', 'POFPEQ'), 'amount'
'type': 'biosphere'},

{'"input': ('biorefdb', 'TAP'), 'amount': O.
'type': 'biosphere'},

{'"input': ('biorefdb', 'FEP'), 'amount': O.
'type': 'biosphere'},

{'input': ('biorefdb', 'MEP'), 'amount': O.
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'TETP'), 'amount':
'type': 'biosphere'},

{'"input': ('biorefdb', 'FETP'), 'amount':
'type': 'biosphere'},

{'input': ('biorefdb', 'METP'), 'amount':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'HCTP'), 'amount':
'type': 'biosphere'},

{'input': ('biorefdb', 'HNCTP'), 'amount':
'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'LU'), 'amount': 0.
'squaremeter year', 'type': 'biosphere'},
{'input': ('biorefdb', 'MRD'), 'amount': 0
'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'FFD'), 'amount': 0
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'H20'), 'amount': O
meter', 'type': 'biosphere'}l},

# Palm oil, crude {GLO}|
('biorefdb', 'palm oil'):
'process', 'exchanges': [

{'input': ('biorefdb', 'palm oil'), 'amoun
'type': 'production'},

{'"input': ('biorefdb', 'GWP'), 'amount': 2
'type': 'biosphere'},

{'input': ('biorefdb', 'ODP'), 'amount': 8.
'type': 'biosphere'},

{'"input': ('biorefdb', 'IR'), 'amount': =0.
'kilobecquerel', 'type': 'biosphere'},
{'input': ('biorefdb', 'POFPHH'), 'amount'
'type': 'biosphere'},

{'"input': ('biorefdb', 'PMF'), 'amount': O.
'type': 'biosphere'},

{'"input': ('biorefdb', 'POFPEQ'), 'amount'
'type': 'biosphere'},

{'input': ('biorefdb', 'TAP'), 'amount': O.
'type': 'biosphere'},

{'input': ('biorefdb', 'FEP'), 'amount': O.
'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'MEP'), 'amount': 0
'type': 'biosphere'},

{'input': ('biorefdb', 'TETP'), 'amount':
'type': 'biosphere'},

{'input': ('biorefdb', 'FETP'), 'amount':
'type': 'biosphere'},

{'input': ('biorefdb', 'METP'), 'amount':
'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'HCTP'), 'amount':
'type': 'biosphere'},

{'input': ('biorefdb', 'HNCTP'), 'amount':
'type': 'biosphere'},

{'"input': ('biorefdb', 'LU'), 'amount': 1.
year', 'type': 'biosphere'},

{'"input': ('biorefdb', 'MRD'), 'amount': O
'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'FFD'), 'amount':
'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'H20'), 'amount': O

market for
{'name':

'palm oil',

-0.10790066699999999,
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011471893, 'unit':

: 0.001687469, 'unit': 'kilogram',

002011463, 'unit': 'kilogram',

: 0.001719988, 'unit': 'kilogram',

00490815, 'unit': 'kilogram',

000521102, 'unit': 'kilogram',

0008341830000000001, '"unit':

1.554155846, 'unit': 'kilogram',

0.023914166, 'unit': 'kilogram',

0.029061747000000002, 'unit':

0.026263312, 'unit': 'kilogram',

0.46349127799999995, 'unit':

7695256570000001, 'unit':

.0030003609999999996, 'unit':

.12420566400000001, 'unit':

.17561734699999998, 'unit': 'cubic

'unit': 'kilogram', 'type':

t': 1.0, 'unit': 'kilogram',

.514341035, 'unit': 'kilogram',

44e-06, 'unit': 'kilogram',

010119998, 'unit':

: 0.002319165, 'unit': 'kilogram',

00273598, 'unit': 'kilogram',

: 0.002616215, 'unit': 'kilogram',

006006049, 'unit': 'kilogram',

00018320900000000001, 'unit':

.004010782, 'unit': 'kilogram',
1.84727535, 'unit': 'kilogram',
0.013794791, 'unit': 'kilogram',

0.014353221000000001, 'unit':

0.011144452, 'unit': 'kilogram',

-0.066786611, 'unit': 'kilogram',

526610386, 'unit': 'squaremeter

.0018974270000000001, 'unit':
'unit':
.021032526,

'unit': 'cubic meter',
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'type': 'biosphere'}l},
708 # Reference systems
709 ('biorefdb', 'refAl'): {'name': 'refAl', 'unit': 'piece', 'type': 'process',
'exchanges': [
710 {'input': ('biorefdb', 'refAl'), 'amount': 1.0, 'unit': 'piece', 'type':
'production'},
711 {'input': ('biorefdb', 'surfactant'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},
712 {'input': ('biorefdb', 'protein feed'), 'amount': 0.15, 'unit': 'kilogram',
'type': 'technosphere'},
713 {'input': ('biorefdb', 'maize'), 'amount': 0.25, 'unit': 'kilogram',6 'type':
'technosphere'},
714 {'input': ('biorefdb', 'palm oil'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},
715 {'input': ('biorefdb', 'energy feed'), 'amount': 0.1, 'unit': 'kilogram',
'type': 'technosphere'}l},
716 ('biorefdb', 'refA2'): {'name': 'refA2', 'unit': 'piece', 'type': 'process',
'exchanges': [
717 {'input': ('biorefdb', 'refA2'), 'amount': 1.0, 'unit': 'piece', 'type':
'production'},
718 {'"input': ('biorefdb', 'surfactant'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},
719 {'input': ('biorefdb', 'protein feed'), 'amount': 0.15, 'unit': 'kilogram',
'type': 'technosphere'},
720 {'input': ('biorefdb', 'maize'), 'amount': 0.25, 'unit': 'kilogram', 'type':
'technosphere'},
721 {'input': ('biorefdb', 'palm oil'), 'amount': 0.25, 'unit': 'kilogram',
'"type': 'technosphere'},
722 {'input': ('biorefdb', 'energy feed'), 'amount': 0.1, 'unit': 'kilogram',
'type': 'technosphere'}l},
723 ('biorefdb', 'refBl'): {'name': 'refBl', 'unit': 'piece', 'type': 'process',
'exchanges': [
724 {'input': ('biorefdb', 'refBl'), 'amount': 1.0, 'unit': 'piece', 'type':
'production'},
725 {'input': ('biorefdb', 'surfactant'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},
726 {'input': ('biorefdb', 'protein feed'), 'amount': 0.15, 'unit': 'kilogram',
'type': 'technosphere'},
727 {'input': ('biorefdb', 'maize'), 'amount': 0.25, 'unit': 'kilogram',6 'type':
'technosphere'},
728 {'input': ('biorefdb', 'palm oil'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},
729 {'input': ('biorefdb', 'energy feed'), 'amount': 0.1, 'unit': 'kilogram',
'type': 'technosphere'}l},
730 ('biorefdb', 'refB2'): {'name': 'refB2', 'unit': 'piece', 'type': 'process',
'exchanges': [
731 {'input': ('biorefdb', 'refB2'), 'amount': 1.0, 'unit': 'piece', 'type':
'production'},
732 {'input': ('biorefdb', 'surfactant'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},
733 {'input': ('biorefdb', 'protein feed'), 'amount': 0.15, 'unit': 'kilogram',
'type': 'technosphere'},
734 {'input': ('biorefdb', 'maize'), 'amount': 0.25, 'unit': 'kilogram',6 'type':
'technosphere'},
735 {'input': ('biorefdb', 'palm o0il'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},
736 {'input': ('biorefdb', 'energy feed'), 'amount': 0.1, 'unit': 'kilogram',
'type': 'technosphere'}l},
737
738 }
739 db.write(bioref data scenl)
740
741 #Adding parameters to exchanges of activity "commonpath"
742 #includes cultivation, harvesting and disruption
743 p_cp = Database('biorefdb').get ('commonpath')
744 #mass of new water required for cultivation [kg]
745 WCult = list(p_cp.exchanges())[1]; WCult['formula']l = 'mWCult'; WCult.save()
746 #Carbon dioxide input [kg]
747 CO02= list(p cp.exchanges())[2]; CO2['formula']l = 'CO2in'; CO2.save()
748 #Nitrogen input [kg]
749 Urea = list(p_cp.exchanges())[3]; Ureal['formula']l = 'Nin'; Urea.save()

750 #Phosphorous input [kg]
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Phosphorus = list(p_cp.exchanges()) [4]; Phosphorus['formula'] = 'Pin';
Phosphorus.save ()
#Electricity consumption for cultivation [kWh]

ElecCult = list(p _cp.exchanges()) [5]; ElecCult['formula'] = 'Ecult'; ElecCult.save()
#Heat consumption for cultivation [MJ]

HeatCult = list(p_cp.exchanges()) [6]; HeatCult['formula'] = 'Ocult'; HeatCult.save()
#Electricity consumption for harvesting [kWh]

ElecHar = list(p_cp.exchanges())[7]; ElecHar['formula'] = 'Ehar'; ElecHar.save()
#mass of water added for dilution [kg]

WDil = list(p_cp.exchanges())[8]; WDil['formula'] = 'mWDil'; WDil.save()
#Electricity consumption for disruption [kWh]

ElecDis = list(p cp.exchanges())[9]; ElecDis['formula'] = 'Edis'; ElecDis.save()
#Electricity consumption for separation [kWh]

ElecSep = list(p cp.exchanges())[10]; ElecSep['formula'] = 'Esep'; ElecSep.save()
#mass of wastewater after harvesting [kg]

WasteW = list(p_cp.exchanges())[11]; WasteW['formula'] = 'mWWW'; WasteW.save()
#Carbon dioxide emission into air [kg]

CO2em = list(p_cp.exchanges())[12]; CO2em['formula'] = 'COZout'; CO2em.save ()

parameters.add exchanges to group("actparbioref", p cp)

#Adding parameters to exchanges of activity "A1l"

#includes solvent extraction, centrifugation, solvent evaporation and condensation
(Path A), ultafiltration, diafiltration (Path 1), drying (both)

p_al = Database('biorefdb').get('pathAl")

#Mass of solvent added to solvent extraction to account for losses in recirculation
of solvent (Path A) [kg]

Solvent Al = list(p_al.exchanges())[2]; Solvent Al['formula'] = 'mSELl";

Solvent Al.save()

#Electricity consumption for solvent extraction (Path A) [kWh]

ElecSE Al = list(p_al.exchanges())[3]; ElecSE Al['formula']l = 'ESE'; ElecSE_Al.save()
#Heat consumption for solvent extraction (Path A) [MJ]

HeatSE Al = list(p_al.exchanges())[4]; HeatSE Al['formula'] = 'OSE'; HeatSE Al.save()
#Electricity consumption for centrifugation after solvent extraction (Path A) [kWh]
ElecCen Al = list(p_al.exchanges()) [5]; ElecCen Al['formula']l = 'Ecen';

ElecCen Al.save()

#Electricity consumption for evaporation of solvent (Path A) [kWh]
ElecEvaSE Al = list(p_al.exchanges())[6]; ElecEvaSE Al['formula'] = 'EevaSkE';
ElecEvaSE_Al.save()

#Heat consumption for evaporation of solvent (Path A) [MJ]

HeatEvaSE Al = list(p_al.exchanges())[7]; HeatEvaSE Al['formula']l = 'QevaSE';
HeatEvaSE Al.save()

#Electricity consumption for condensation of solvent (Path A) [kWh]
ElecConSE Al = list(p_al.exchanges())[8]; ElecConSE Al['formula']l = 'EconSE';

ElecConSE Al.save()

#Cooling energy consumption for condensation of solvent (Path A) [MJ]
CoolConSE Al = list(p_al.exchanges())[9]; CoolConSE Al['formula']l = 'QconSE';
CoolConSE Al.save()

#Mass of lipids (Path A) [kg]

Lip Al = list(p_al.exchanges())[10]; Lip Al['formula'] = 'LiA'; Lip Al.save()
#Mass of residue (Path A) [kg]
Prot Al 1 = list(p_al.exchanges())[11]; Prot Al 1['formula'] = 'MA'; Prot Al 1l.save()

#Electricity consumption for ultrafiltration (Pgth 1) [kWh]

ElecUF Al = list(p_al.exchanges())[12]; ElecUF Al['formula']l = 'EUF'; ElecUF Al.save()

#Mass of water required for diafiltration (Path 1) [kg]
WDF Al = list(p_al.exchanges())[13]; WDF Al['formula'] = 'mWDF'; WDF Al.save()
#Electricity consumption for diafiltration (Path 1) [kWh]

ElecDF Al = list(p al.exchanges())[14]; ElecDF Al['formula'] = 'EDF'; ElecDF Al.save()

#Mass of polysaccaride powder (Path 1) [kg]

Polysac Al = list(p_al.exchanges())[15]; Polysac Al['formula'] = 'M1 1';
Polysac_Al.save()

#Mass of protein powder (Path 1) [kg]

Prot Al 2 = list(p_al.exchanges())[16]; Prot Al 2['formula'] = "Ml 2';
Prot Al 2.save()

#Infrastructure for path Al [p]

Infra Al = list(p_al.exchanges())[17]; Infra Al['formula'] = 'FacAl'; Infra Al.save()
#Land occupation for path Al [m?*a]

Occ_ Al = list(p_al.exchanges())[18]; Occ Al['formula']l = 'LOAL'; Occ_Al.save()

#Land transformation for path Al [m?]

Trans Al = list(p_al.exchanges())[19]; Trans Al['formula']l = 'LTAl'; Trans Al.save()
#Electricity consumption for drying of systems Al and Bl [kWh]

ElecDry Al = list(p_al.exchanges())[20]; ElecDry Al['formula'] = 'Edryl';

ElecDry Al.save()
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#Heat consumption for drying of systems Al and Bl [MJ]

HeatDry Al = list(p_al.exchanges())[21]; HeatDry Al['formula'] = 'Odryl';
HeatDry Al.save()

parameters.add exchanges to group("actparbioref", p al)

#Adding parameters to exchanges of activity "A2"

#includes solvent extraction, centrifugation, solvent evaporation and condensation
(Path A), TPP and dialysis (Path 2), drying (both)

p_a2 = Database('biorefdb').get('pathA2")

#Mass of solvent added to solvent extraction to account for losses in recirculation
of solvent (Path A) [kg]

Solvent A2 = list(p_a2.exchanges()) [2]; Solvent A2['formula'] = 'mSELl";

Solvent A2.save()

#Electricity consumption for solvent extraction (Path A) [kWh]

ElecSE A2 = list(p a2.exchanges())[3]; ElecSE A2['formula']l = 'ESE'; ElecSE A2.save()
#Heat consumption for solvent extraction (Path A) [MJ]

HeatSE A2 = list(p_aZ.exchanges()) [4]; HeatSE A2['formula']l] = 'OSE'; HeatSE A2.save()
#Electricity consumption for centrifugation after solvent extraction (Path A) [kWh]
ElecCen A2 = list(p a2.exchanges()) [5]; ElecCen A2['formula'] = 'Ecen';

ElecCen A2.save()

#Electricity consumption for evaporation of solvent (Path A) [kWh]
ElecEvaSE A2 = list(p_a2.exchanges()) [6]; ElecEvaSE A2['formula'] = 'EevaSkE';
ElecEvaSE A2.save()

#Heat consumption for evaporation of solvent (Path A) [MJ]

HeatEvaSE A2 = list(p_a2.exchanges())[7]; HeatEvaSE A2['formula']l = 'QevaSE';
HeatEvaSE_A2.save ()

#Electricity consumption for condensation of solvent (Path A) [kWh]
ElecConSE A2 = list(p_a2.exchanges())[8]; ElecConSE A2['formula']l = 'EconSE';

ElecConSE A2.save()

#Cooling energy consumption for condensation of solvent (Path A) [MJ]
CoolConSE A2 = list(p_aZ2.exchanges())[9]; CoolConSE A2['formula']l = 'QconSE';
CoolConSE A2.save()

#Mass of lipids (Path A) [kg]

Lip A2 = list(p_a2.exchanges())[10]; Lip A2['formula'] = 'LiA'; Lip A2.save()

#Mass of residue (Path A) [kg]

Prot A2 1 = list(p_a2.exchanges())[11]; Prot A2 1['formula'] = 'MA'; Prot A2 l.save()
#Mass of water added for TPP (Path 2) [kg] - optional

WTPP A2 = list(p_aZ.exchanges())[12]; WTPP A2['formula']l = 'mWTPP'; WTPP A2.save()
#Enzymes required TPP (Path 2) [kgl

Enz A2 = list(p_a2.exchanges())[13]; Enz A2['formula']l = 'mEnz'; Enz_ A2.save()
#Ammonium sulphate required TPP (Path 2) [kg]

AS A2 = list(p_a2.exchanges()) [14]; AS A2['formula']l = 'mAS'; AS A2.save()
#Isopropanol required TPP (Path 2) [kgl

IsoP A2 = list(p_aZ2.exchanges())[15]; IsoP A2['formula'] = 'mIsoP'; IsoP A2.save()
#Electricity consumption for TPP (Path 2) [kWh]

ElecTPP A2 = list(p a2.exchanges())[16]; ElecTPP A2['formula']l = 'ETPP';

ElecTPP A2.save()

#Mass of water required for dialysis [kg]

WDL A2 = list(p_a2.exchanges())[17]; WDL A2['formula']l = 'mWDL'; WDL A2.save()
#Electricity consumption for dialysis [kWh]

ElecDL A2 = list(p_aZ2.exchanges())[18]; ElecDL A2['formula'] = 'EDL'; ElecDL A2.save()
#Waste water of dialysis [m?]

WWDL A2 = list(p_aZ.exchanges())[19]; WWDL A2['formula'] = 'mWWDL'; WWDL A2.save()
#Mass of polysaccarides powder (Path 2) [kg]

Polysac A2 = list(p_a2.exchanges())[20]; Polysac A2['formula']l = 'M2 1';

Polysac A2.save()

#Mass of protein powder (Path 2) [kg]

Prot A2 2 = list(p_a2.exchanges())[21]; Prot A2 2['formula'] = 'M2 2';
Prot A2 2.save()

#Infrastructure for path A2 [p]

Infra A2 = list(p _a2.exchanges())[22]; Infra A2['formula']l] = 'FacA2'; Infra A2.save()
#Land occupation for path A2 [m2?*a]

Occ_A2 = list(p_a2.exchanges())[23]; Occ A2['formula']l = 'LOA2'; Occ_A2.save()

#Land transformation for path A2 [m?]

Trans A2 = list(p_a2.exchanges()) [24]; Trans A2['formula'] = 'LTA2'; Trans_ A2.save()
#Electricity consumption for drying of systems A2 and B2 [kWh]

ElecDry A2 = list(p_a2.exchanges())[25]; ElecDry A2['formula'] = 'Edry2';

ElecDry A2.save()

#Heat consumption for drying of systems A2 and B2 [MJ]

HeatDry A2 = list(p_aZ2.exchanges())[26]; HeatDry A2['formula'] = 'Qdry2';
HeatDry A2.save()

#Electricity consumption for water removal before TPP (Path 2) [kWh] - optional
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ElecWTPP_A2 = list(p_a2.exchanges())[27]; ElecWTPP A2['formula'] = "EWTPP';
ElecWTPP_A2.save()

#Wastewater before TPP (Path 2) [kg] -optional

WWTPP A2 = list(p_a2.exchanges()) [28]; WWTPP A2['formula'] = 'mWWIPP'; WWTPP A2.save()
parameters.add exchanges to group("actparbioref", p_ a2)

#Adding parameters to exchanges of activity "B1"

#includes SC-CO2 extraction, co-solvent evaporation and condensation (Path A), TPP
and dialysis (Path 2), drying (both)

p_bl = Database('biorefdb').get('pathBl")

#Mass of ethanol added to SC-CO2 extraction to account for losses in recirculation
of solvent (Path B) [kg]

EtOHSCE Bl = list(p bl.exchanges())[2]; EtOHSCE Bl['formula'] = 'mSCEL';

EtOHSCE Bl.save()

#Electricity consumption for SC-CO2 extraction (Path B) [kWh]

ElecSCE Bl = list(p bl.exchanges())[3]; ElecSCE Bl['formula'] = 'ESCE';

ElecSCE Bl.save()

#Electricity consumption for evaporation of ethanol (Path B) [kWh]

ElecEvaSCE Bl = list(p bl.exchanges()) [4]; ElecEvaSCE Bl['formula'] = 'EevaSCE';
ElecEvaSCE Bl.save()

#Heat consumption for evaporation of ethanol (Path B) [MJ]

HeatEvaSCE Bl = list(p bl.exchanges()) [5]; HeatEvaSCE Bl['formula'] = 'QevasCE';
HeatEvaSCE Bl.save()

#Electricity consumption for condensation of ethanol (Path B) [kWh]
ElecConSCE Bl = list(p_bl.exchanges())[6]; ElecConSCE Bl['formula'] = 'EconSCE';
ElecConSCE_Bl.save()

#Cooling energy consumption for condensation of ethanol (Path B) [MJ]
CoolConSCE Bl = list(p_bl.exchanges())[7]; CoolConSCE Bl['formula'] = 'QconSCE';

CoolConSCE Bl.save()
#Mass of lipids (Path B) [kg]

Lip Bl = list(p bl.exchanges())[8]; Lip Bl['formula']l = 'LiB'; Lip Bl.save()

#Mass of residue (Path B) [kg]

Prot Bl 1 = list(p_bl.exchanges())[9]; Prot Bl 1['formula'] = 'MB'; Prot Bl 1l.save()
#Electricity consumption for ultrafiltration (Path 1) [kWh]

ElecUF Bl = list(p bl.exchanges())[10]; ElecUF Bl['formula'] = 'EUF'; ElecUF Bl.save()
#Mass of water required for diafiltration (Path 1) [kg]

WDF Bl = list(p bl.exchanges())[11]; WDF Bl['formula']l = 'mWDF'; WDF Bl.save()
#Electricity consumption for diafiltration (Path 1) [kWh]

ElecDF Bl = list(p bl.exchanges())[12]; ElecDF Bl['formula'] = 'EDF'; ElecDF Bl.save()
#Mass of polysaccaride powder (Path 1) [kg]

Polysac Bl = list(p bl.exchanges())[13]; Polysac Bl['formula'] = "Ml 1';

Polysac_Bl.save()

#Mass of protein powder (Path 1) [kg]

Prot Bl 2 = list(p_bl.exchanges())[14]; Prot Bl 2['formula']l] = 'M1 2';
Prot Bl 2.save()

#Infrastructure for path Bl [p]

Infra Bl = list(p _bl.exchanges())[15]; Infra Bl1['formula'] = 'FacBl'; Infra Bl.save()
#Land occupation for path Bl [m2?*a]

Occ Bl = list(p bl.exchanges())[16]; Occ Bl['formula'] = 'LOB1'; Occ_ Bl.save()

#Land transformation for path Bl [m?]

Trans Bl = list(p _bl.exchanges())[17]; Trans Bl['formula']l = 'LTBl'; Trans Bl.save()
#Electricity consumption for drying of systems Al and Bl [kWh]

ElecDry Bl = list(p _bl.exchanges())[18]; ElecDry Bl['formula'] = 'Edryl';

ElecDry Bl.save()

#Heat consumption for drying of systems Al and Bl [MJ]

HeatDry Bl = list(p bl.exchanges())[19]; HeatDry Bl['formula']l = 'Odryl';
HeatDry Bl.save()

parameters.add exchanges_to group("actparbioref", p bl)

#Adding parameters to exchanges of activity "B2"

#includes SC-CO2 extraction, co-solvent evaporation and condensation (Path A),
ultafiltration, diafiltration (Path 1), drying (both)

p_b2 = Database('biorefdb').get('pathB2")

#Mass of ethanol added to SC-CO2 extraction to account for losses in recirculation
of solvent (Path B) [kg]

EtOHSCE B2 = list(p b2.exchanges()) [2]; EtOHSCE B2['formula'] = 'mSCEL';
EtOHSCE_B2.save()

#Electricity consumption for SC-CO2 extraction (Path B) [kWh]

ElecSCE B2 = list(p b2.exchanges()) [3]; ElecSCE B2['formula'] = 'ESCE';
ElecSCE_B2.save()
#Electricity consumption for evaporation of ethanol (Path B) [kWh]

ElecEvaSCE B2 = list(p_b2.exchanges())[4]; ElecEvaSCE B2['formula'] = 'EevaSCE';
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ElecEvaSCE_B2.save()
#Heat consumption for evaporation of ethanol (Path B) [MJ]

HeatEvaSCE B2 = list(p_b2.exchanges()) [5]; HeatEvaSCE B2['formula'] = 'QevaSCE';
HeatEvaSCE B2.save()

#Electricity consumption for condensation of ethanol (Path B) [kWh]
ElecConSCE B2 = list(p_b2.exchanges())[6]; ElecConSCE B2['formula'] = 'EconSCE';

ElecConSCE B2.save()

#Cooling energy consumption for condensation of ethanol (Path B) [MJ]
CoolConSCE B2 = list(p b2.exchanges())[7]; CoolConSCE B2['formula'] = 'OconSCE';
CoolConSCE _B2.save()

#Mass of lipids (Path B) [kg]

Lip B2 = list(p b2.exchanges())[8]; Lip B2['formula'] = 'LiB'; Lip B2.save()

#Mass of residue (Path B) [kg]

Prot B2 1 = list(p b2.exchanges())[9]; Prot B2 1['formula']l = 'MB'; Prot B2 l.save()
#Mass of water added for TPP (Path 2) [kg] - optional

WTPP B2 = list(p b2.exchanges())[10]; WTPP B2['formula'] = 'mWTPP'; WTPP_B2.save()
#Enzymes required TPP (Path 2) [kgl

Enz B2 = list(p_b2.exchanges())[11]; Enz B2['formula']l = 'mEnz'; Enz_B2.save()
#Ammonium sulphate required TPP (Path 2) [kg]

AS B2 = list(p b2.exchanges())[12]; AS B2['formula'] = 'mAS'; AS B2.save()
#Isopropanol required TPP (Path 2) [kg]

IsoP B2 = list(p_b2.exchanges())[13]; IsoP B2['formula'] = 'mIsoP'; IsoP B2.save()
#Electricity consumption for TPP (Path 2) [kWh]

ElecTPP B2 = list(p b2.exchanges()) [14]; ElecTPP B2['formula']l] = 'ETPP';

ElecTPP B2.save()

#Mass of water required for dialysis [kg]

WDL B2 = list(p b2.exchanges()) [15]; WDL B2['formula']l = 'mWDL'; WDL B2.save()
#Electricity consumption for dialysis [kWh]

ElecDL B2 = list(p b2.exchanges())[16]; ElecDL B2['formula'] = 'EDL'; ElecDL B2.save()
#Waste water of dialysis [m?®]

WWDL B2 = list(p b2.exchanges())[17]; WWDL B2['formula'] = 'mWWDL'; WWDL B2.save ()
#Mass of polysaccarides powder (Path 2) [kg]

Polysac B2 = list(p_b2.exchanges())[18]; Polysac B2['formula']l = 'M2 1';

Polysac_B2.save()

#Mass of protein powder (Path 2) [kg]

Prot B2 2 = list(p b2.exchanges())[19]; Prot B2 2['formula']l] = 'M2 2';
Prot B2 2.save()

#Infrastructure for path B2 [p]

Infra B2 = list(p b2.exchanges()) [20]; Infra B2['formula'] = 'FacA2'; Infra B2.save()
#Land occupation for path B2 [m2*a]

Occ B2 = list(p b2.exchanges()) [21]; Occ B2['formula'] = 'LOA2'; Occ_B2.save()

#Land transformation for path B2 [m?]

Trans B2 = list(p_b2.exchanges())[22]; Trans_B2['formula'] = 'LTA2'; Trans_ B2.save()
#Electricity consumption for drying of systems A2 and B2 [kWh]

ElecDry B2 = list(p b2.exchanges())[23]; ElecDry B2['formula'] = 'Edry2';

ElecDry B2.save()
#Heat consumption for drying of systems A2 and B2 [MJ]

HeatDry B2 = list(p_b2.exchanges()) [24]; HeatDry B2['formula'] = 'Odry2';
HeatDry B2.save()

#Electricity consumption for water removal before TPP (Path 2) [kWh] - optional
ElecWTPP B2 = list(p _b2.exchanges()) [25]; ElecWTPP B2['formula']l = '"EWTPP';

ElecWTPP_B2.save()
#Wastewater before TPP (Path 2) [kg] -optional

WWTPP B2 = list(p_b2.exchanges()) [26]; WWTPP B2['formula'] = 'mWWTPP'; WWTPP B2.save()

parameters.add exchanges_ to group("actparbioref", p b2)

#Adding parameters to exchanges of reference activity for system Al

p_refal = Database('biorefdb').get('refAl'")

surfactant refal = list(p_refal.exchanges())[1]; surfactant refal['formula'] =
'surfactant al'; surfactant refal.save()

prot feed refal = list(p refal.exchanges()) [2]; prot feed refal['formula']l =
'prot feed al'; prot feed refal.save()

maize refal = list(p _refal.exchanges())[3]; maize refal['formula'] = 'maize al';
maize refal.save()

palm oil refal = list(p refal.exchanges())[4]; palm oil refal['formula'] =
'palm oil al'; palm oil refal.save()

energy feed refal = list(p_refal.exchanges())[5]; energy feed refal['formula']l =
'energy feed al'; energy feed refal.save()
parameters.add exchanges to group("actparbioref ref", p refal)

#Adding parameters to exchanges of reference activity for system A2
p_refa2 = Database('biorefdb').get('refA2")
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surfactant refa2 = list(p_refa2.exchanges())[1]; surfactant refa2['formula']

'surfactant a2'; surfactant refa2.save()

prot feed refa2 = list(p refa2.exchanges())[2]; prot feed refal['formula']

'prot feed a2'; prot feed refa2.save()

maize

refa2 = list(p_refa2.exchanges())[3]; maize refa2['formula'] = 'maize a2';

maize refa2.save()
palm oil refa2 = list(p_refa2.exchanges())[4]; palm oil refa2['formula'] =
'palm oil a2'; palm oil refa2.save()

energy feed refa2 = list(p refa2.exchanges())[5]; energy feed refal2['formula']

'energy feed a2'; energy feed refa2.save()

parameters.add exchanges_ to group("actparbioref ref",

p_refa2)

#Adding parameters to exchanges of reference activity for system Bl

p_refb
surfac
'surfa
prot f

'prot_
maize
maize

palm o

'palm |
energy feed refbl = list(p refbl.exchanges())[5]; energy feed refbl['formula']

'energ

1 = Database('biorefdb').get('refB1l")

tant refbl = list(p refbl.exchanges())[1]; surfactant refbl['formula']

ctant bl'; surfactant refbl.save()

eed refbl = list(p refbl.exchanges()) [2]; prot feed refbl['formula']

feed bl'; prot feed refbl.save()

refbl = list(p refbl.exchanges())[3]; maize refbl['formula']l] = 'maize bl';

refbl.save ()

il refbl = list(p_refbl.exchanges())[4]; palm oil refbl['formula'] =

oil bl'; palm oil refbl.save()

y feed bl'; energy feed refbl.save()

parameters.add exchanges to group("actparbioref ref", p refbl)

#Adding parameters to exchanges of reference activity for system B2

p_refb
surfac
'surfa
prot_f

'prot
maize
maize

palm o

'palm
energy feed refb2 = list(p_refb2.exchanges())[5]; energy feed refb2['formula']

2 = Database('biorefdb').get('refB2")

tant refb2 = list(p refb2.exchanges())[1]; surfactant refb2['formula']

ctant b2'; surfactant refb2.save()

eed refb2 = list(p refb2.exchanges()) [2]; prot feed refb2['formula']

feed b2'; prot feed refb2.save()

refb2 = list(p _refb2.exchanges())[3]; maize refb2['formula'] = 'maize b2';

refb2.save ()

il refb2 = list(p_refb2.exchanges())[4]; palm oil refb2['formula'] =

0il b2'; palm oil refb2.save()

'energy feed b2'; energy feed refb2.save()
parameters.add exchanges to group("actparbioref ref", p refb2)

# Defi

List o
cO: bi
cl: bi
cLi: L
cPr:Pr
cPs: P
cSTPP:
cx: bi
DVl: d
ecen:

ecult:
edis:

edry:

efill:
eSCE:

eSE: s
eTPP:

nin: s
pin: s
gcult:
gdry:

gSE: s

recLiA:
recLiB:
recPrl:
recPr2:
recPsl:
recPs2:

rSCE:

ning Input Parameter

f Input Parameters
omass concentration before harvesting [-]
omass concentrattion after harvesting [-]

ipid content in biomass [w/w]
otein content in biomass [w/w]
olysaccaride content in biomass [w/w]

biomass concentration required in supernatant for TPP
omass concentration required for dilution [-]

iavolumes [-] for diafiltration

specific electricity consumption for centrifugation
specific electricity consumption for cultivation
specific electricity consumption for disrupt

specific electricity consumption for drying

specific electricity consumption for SC-CO2
ecific electricity consumption for solvent

“ion

(-]

[kWh/m? ]
[ kWh/kgDW]
[kWh/kgDW]

[kWh/kg H20]
specific electricity consumption for ultra and diafiltration [kWh/m?3]

extraction
extraction

specific electricity consumption for TPP [kWh/kgDW]

pecific nitrogen input [kg/kgDW]
pecific phosphorous input [kg/kgDW]
specific heat consumption for cultivation

[MJ/kgDW]

specific heat consumption for drying [MJ/kgH20]
pecific cooling energy consumption for solvent extraction [MJ/kgDW]

recovery of lipids in path A [-]
recovery of lipids in path B [-]
recovery of proteins in path 1 [-]
recovery of proteins in path 2 [-]
recovery of polysaccarides in path 1 [-]
recovery of polysaccarides in path 2 [-]
ratio co-solvent to dry biomass [-]

[kWh/kgDW]
[kWh/kgDW]
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rSE: ratio solvent to wet biomass [-]

sPr: soluble protein yield out of total content in biomass [w/w]

sPs: soluble polysaccride yield out of total content in biomass [w/w]
w: fraction of water in supernatant out of total water content [-]
ImpLiA: fraction of hydrophobic polysaccharides dissolved in ethanol

efil2: specific electricity consumption for dialysis [kWh/m?3]
DV2: diavolumes [-] for dialysis

fac: factory infrastructure required for process [p]

locc: land occupation caused by process [m?a]

ltrans: land transformation caused by process [m?]

LIRIRY]

#Creating Saltelli sample
problem ={'num vars': 38,
'names': ['cO', 'cl', 'cLi', 'cPr', 'cPs', 'cSTPP',
'ecen', 'ecult', 'edis', 'edry', 'efill',
'nin', 'pin', 'gcult', 'gdry', 'gSE',

'recLiA', 'recLiB', 'recPrl', 'recPr2', 'recPsl',

'recPs2', 'rSCE', 'rSE', 'sPr', 'sPs', 'w

'cx

'eSCE',

v

"ImpLiA', 'DV2', 'efil2', 'Fac', 'LO', 'LT'I],

'bounds': [[0.004,0.03], [0.25,0.30]1, [0.12,0.15]7,
[0.10,0.15], [0.03,0.0375], [0.15,0.245], [0,31,
[0.1,2], [0.03,5], [0.15,5], [0.01,0.57],
[0.005,0.055], [0.005,0.061,
[0.09,0.11, [0.003,0.036]1, [0.0,200], [1

[0.50,0.

[0.1,3]

/51, [0.

', 'DVl',

'eSE', 'eTPP',

601,
, [0.1,1.3571,

66,21,

[0.667,0.833], [0.5,0.95], [0.7,0.99], [0.7,0.99]1,

[0.755,0.892],

[0.87,0.924]1, [0,15], [3,20], [0.50,0.801,

[0.995,0.999],

[0.264,0.73],

[0,0.0131, [2,3]1, [0.1,3]1, [6.74E-11,6.0E-10], [0.7, 2.8],
[0.026, 0.14]1 1}
input values = saltelli.sample(problem, 100, calc second order = False)

#Checking size of sample
print (input values.shape)

#Creating dataframe of Saltelli sample for import/export to use same sample for

different scenarios

iv_names = problem['names']

iv = pd.DataFrame (input values, columns = iv names)
iv.to_csv('{}\\input values.csv'.format (datestr))

inval = pd.read csv('{}\\input values.csv'.format (datestr), header =

sep = n,n)

# # Part C: Functions for calculating parameterised Inventory
#Calculating project parameters
#values are taken from Saltelli sample or assumed to be fixed
def project param(param names, param values, inval, it):
project data = [
#biomass concentration before harvesting [-]

{'name': 'cO0', 'amount': inval.iloc[it,0]},
#biomass concentrattion after harvesting [-]
{'name': 'cl', 'amount': inval.iloc[it,11},
#Lipid content in biomass [w/w]

{'name': 'cLi', 'amount': inval.iloc[it,2]},
#specific carbon dioxide consumption [kg/kgDW]
{'name': 'co2cons', 'amount': 2},

#specific carbon dioxide input [kg/kgDW]
{'name': 'co2in', 'amount': 4},

#Protein content in biomass [w/w]

{'name': 'cPr', 'amount': inval.iloc[it,3]1},
#Polysaccaride content in biomass [w/w]

{'name': 'cPs', 'amount': inval.iloc[it,4]1},
#biomass concentration required in supernatant for TPP [-]
{'name': 'cSTPP', 'amount': inval.iloc[it,5]1},
#biomass concentration required for dilution [-]
{'name': 'cx', 'amount': inval.iloc[it,6]1},
#diavolumes [-] for diafiltration

{'name': 'DV1', '"amount': inval.iloc[it,71},

#specific electricity consumption for centrifugation

[kWh/m?]

0, index col=0,
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1103 {'name': 'ecen', 'amount': inval.iloc[it,81},

1104 #specific electricity consumption for condensation of ethanol [kWh/kg EtOH]
1105 {'name': 'econSCE', 'amount': 0.027},

1106 ffspecific electricity consumption for condensation of solvent [kWh/kg]
1107 {'name': 'econSE', 'amount': 0.027},

1108 #specific electricity consumption for cultivation [kWh/kgDW]

1109 {'name': 'ecult', 'amount': inval.iloc[it,9]1},

1110 #specific electricity consumption for disruption [kWh/kgDW]

1111 {'name': 'edis', 'amount': inval.iloc[it,10]1},

1112 #specific electricity consumption for drying [kWh/kg H20]

1113 {'name': 'edry', 'amount': inval.iloc[it,111},

1114 #specific electricity consumption for evaporation of ethanol [kWh/kg EtOH]
1115 {'name': 'eevaSCE', 'amount': 0.027},

1116 #specific electricity consumption for evaporation of solvent [kWh/kg]
1117 {'name': 'eevaSE', 'amount': 0.027},

1118 #specific electricity consumption for ultra and diafiltration [kWh/m?]
1119 {'name': 'efill', 'amount': inval.iloc[it,12]1},

1120 #specific electricity consumption for SC-CO2 extraction [kWh/kgDW]
1121 {'name': 'eSCE', 'amount': inval.iloc[it,131},

1122 #specific electricity consumption for solvent extraction [kWh/kgDW]
1123 {'name': 'eSE', 'amount': inval.iloc[it,14]1},

1124 #specific electricity consumption for TPP [kWh/kgDW]

1125 {'name': 'eTPP', 'amount': inval.iloc[it,151},

1126 #specific ammonium sulphate consumption [kg/kg]

1127 {'name': 'mAS', 'amount': 0.4},

1128 #biomass dry weight [kg]

1129 {'name': 'mDW', 'amount': 1},

1130 #specific enzyme consumption [kg/kg]

1131 {'name': 'mEnz', 'amount': 0.016},

1132 #specific solvent consumption [kg/kg]

1133 {'name': 'mSol', 'amount': 1.562},

1134 #specific nitrogen input [kg/kgDW]

1135 {'name': 'nin', 'amount': inval.iloc[it,16]1},

1136 #specific phosphorous input [kg/kgDW]

1137 {'name': 'pin', 'amount': inval.iloc[it,171},

1138 #specific cooling energy consumption for condensation of ethanol [MJ/kg EtOH]
1139 {'name': 'gconSCE', 'amount': 0.96},

1140 #specific cooling energy consumption for condensation of solvent [MJ/kg]
1141 {'name': 'gconSE', 'amount': 0.96},

1142 #specific heat consumption for cultivation [MJ/kgDW]

1143 {'name': 'gcult', 'amount': inval.iloc[it,181},

1144 #specific heat consumption for drying [MJ/kgH20]

1145 {'name': 'gdry', 'amount': inval.iloc[it,19]1},

1146 #specific cooling energy consumption for evaporation of ethanol [MJ/kg EtOH]
1147 {'name': 'gevaSCE', 'amount': 0.96},

1148 #specific cooling energy consumption for evaporation of solvent [MJ/kg]
1149 {'name': 'gevaSE', 'amount': 0.96},

1150 #specific cooling energy consumption for solvent extraction [MJ/kgDW]
1151 {'name': 'gSE', 'amount': inval.iloc[it,201},

1152 #share of water recoverd from centrifuge [-]

1153 {'name': 'recw', 'amount': 0.9},

1154 #recovery of lipids in path A [-]

1155 {'name': 'recLiA', 'amount': inval.iloc[it,211},

1156 #recovery of lipids in path B [-]

1157 {'name': 'recLiB', 'amount': inval.iloc[it,22]1},

1158 #recovery of proteins in path 1 [-]

1159 {'name': 'recPrl', 'amount': inval.iloc[it,23]1},

1160 #recovery of proteins in path 2 [-]

1161 {'name': 'recPr2', 'amount': inval.iloc[it,24]},

1162 #recovery of polysaccarides in path 1 [-]

1163 {'name': 'recPsl', 'amount': inval.iloc[it,25]},

1164 #recovery of polysaccarides in path 2 [-]

1165 {'name': 'recPs2', 'amount': inval.iloc[it,26]},

1166 #ratio co-solvent to dry biomass [-]

1167 {'name': 'rSCE', 'amount': inval.iloc[it,271},

1168 #ratio solvent to wet biomass [-]

1169 {'name': '"rsSg', 'amount': inval.iloc[it,28]1},

1170 fsoluble protein yield out of total content in biomass [w/w]

1171 {'name': 'sPr', 'amount': inval.iloc[it,29]1},

1172 #soluble polysaccride yield out of total content in biomass [w/w]

1173 {'name': 'sPs', 'amount': inval.iloc[it,301},

1174 #fraction of water in supernatant out of total water content [-]
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{'name': 'w', 'amount': inval.iloc[it,311},

#fraction of hydrophobic polysaccharides dissolved in ethanol
{'name': '"ImpLiA', 'amount': inval.iloc[it,32]},

#specific electricity consumption for dialysis

{'name': 'efil2', 'amount': inval.iloc[it,331},
#diavolumes [-] for dialysis

{'name': 'DV2', '"amount': inval.iloc[it,341},
#infrastructure [piece] for biorefinery system
{'name': '"fac', 'amount': inval.iloc[it,351},
#land occupation [m?yr] of biorefinery system
{'name': "locc', 'amount': inval.iloc[it,36]1},
#land transformation [m?] of biorefinery system
{'name': '"ltrans', 'amount': inval.iloc[it,37]}
1

parameters.new project parameters(project data)
#save parameter values in list for reverse analysis
for param in ProjectParameter.select():
param_names.append (param.name)
param values.append(param.amount)

#Defining database parameters
def database param(param names, param values):
database data = [
#mass of water in cultivation facility [kg]

{'name': 'mwWwO', 'formula': ' (mDW/cO)-mDW'},
#mass of water in algae slurry after harvesting
{'name': 'mwl', 'formula': ' (mDW/cl)-mDW'},

#mass of water removed in harvesting step [kg]
{'name': 'deltamW',6 'formula': 'mWO-mwWl'},

[kWh/m?3 ]

[kg]

#mass of water recirculated to cultivation facility [kg]

{'name': 'mWR', 'formula': 'recW*deltamwW'},
#dry weight of supernatant [kg]

{'name': 'mSDW', 'formula':
#wet weight of supernatant [kg]

' (sPr*cPr+sPs*cPs) *mDW'},

{'name': 'mSW', 'formula': 'mSDW+w*mDW* (1-cx)/cx'},
#biomass concentration in supernatant [-]
{'name': 'cS0', 'formula': 'mSDW/mSW'},

#Impurities in polysaccaride-rich output as share of proteins available for

recovery (Path 1) [-]

{'name': 'impPsl', 'formula': 'l-recPrl'},

#Impurities in protein-rich output as share of polysaccarides available for

recovery (Path 1) [-]

{'name': 'impPrl', 'formula': 'l-recPsl'},
#Mass of polysaccarides in polysaccaride powder
{'name':
#Mass of proteins in polysaccaride powder (Path

(Path 1) [kg]

'Psl 1', 'formula': 'recPsl*sPs*cPs*mDW'},

1) [kgl

{'name': 'Prl 1', 'formula': 'impPsl*sPr*cPr*mDW'},

#Mass of polysaccarides in protein powder (Path

1) [kgl

{'name': 'Psl 2', 'formula': 'impPrl*sPs*cPs*mDW'},
ass of proteins in protein powder a g
#M £ tei i tei d (Path 1) [kg]

{'name': 'Prl 2', 'formula':

'recPrl*sPr*cPr*mDW'},

#wet weight of biomass slurry entering TPP (Path 2) [kg]

{'name': 'mTPPW', 'formula': 'mSDW/cSTPP'},

#Impurities in polysaccaride-rich output as share of proteins available for

recovery (Path 2) [-]

{'name': 'impPs2', 'formula': 'l-recPr2'},

#Impurities in protein-rich output as share of polysaccarides available for

recovery (Path 2) [-]
{'name': 'impPr2', 'formula': 'l-recPs2'},
#Mass of polysaccarides in polysaccaride powder

(Path 2) [kg]

{'name': 'Ps2 1', 'formula': 'recPs2*sPs*cPs*mDW'},
#Mass of proteins in protein powder (Path 2) [kg]
{'name': 'Pr2 1', 'formula': 'impPs2*sPr*cPr*mDW'},

#Mass of polysaccarides in protein powder (Path

2) [kg]

{'name': 'Ps2 2', 'formula': 'impPr2*sPs*cPs*mDW'},
#Mass of proteins in protein powder (Path 2) [kg]
{'name': 'Pr2 2', 'formula': 'recPr2*sPr*cPr*mDW'},

#dry weight of pellet [kg]
{'name': 'mPDW', 'formula':
#wet weight of pellet [kg]
{'name': 'mPW', 'formula':

'mDW-mSDW' },

'mPDW+ (1-w) *mDW/cx"'},
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#Mass of solvent required for solvent extraction (Path A) [kg]
{'name': 'mSE', 'formula': 'rSE*mPW'},

# Mass of protein in residue (PathA) [kg]

{'name': 'PrAl', 'formula': ' (l-sPr)*cPr*mDW'},

# Mass of ethanol as co-solvent for SC-CO2 extraction (Path B) [kg]
{'name': 'mSCE', 'formula': 'rSCE*mPDW'},

# Mass of protein in residue (PathB) [kg]

{'name': 'PrB1l', 'formula': ' (l-sPr)*cPr*mDW'},

# Impurities of polysaccharides in lipid fraction (PathA) [kg]
{'name': 'PsA', 'formula': 'ImpLiA* (1-sPs)*cPs'},

# dry weight of biomass entering dialysis step (Path 2) [kg]
{'name': 'mDLDW', 'formula':

' (recPs2*sPs*cPs+ (l-recPr2) *sPr*cPr) *mDW+0.4*mTPPW"'},

# wet weight of biomass slurry entering dialysis step (Path 2) [kg]
{'name': 'mDLW', 'formula': 'mDLDW+mSDW* (1-cSTPP)/cSTPP'},

1

parameters.new database parameters(database data, "biorefdb")
#save parameter values in list for reverse analysis
for param in DatabaseParameter.select():

param_names.append (param.name)

param values.append(param.amount)

#Defining activity parameters
def activity param(param names, param values):

#check if water content of supernatant is too high or to low for optimum
conditions

param mSDW = param_values[54]

param cSTPP = param values[7]

param w = param values[46]

param cx = param values[8]

w_in = param w*(l-param cx)/param cx

w_req = param mSDW* (l-param cSTPP)/param cSTPP

#if water content is to low, water has to be added
#adding water is represented by following list of activity parameter
if w in < w_req:

activity data = [

{'name': 'mWWW', 'formula': '0.001* (deltamW-mWR)', 'database':
'biorefdb', 'code': 'actparl'},

{'name': 'mWCult', 'formula': 'mWO-mWR', 'database': 'biorefdb', 'code':
'actpar2'},

{'name': 'mwDil', 'formula': ' (mDW/cx)-(mDW/cl)', 'database':
'biorefdb', 'code': 'actpar3'},

{'name': 'Nin', 'formula': 'nin*mDW', 'database': 'biorefdb', 'code':
'actpard'},

{'name': 'Pin', 'formula': 'pin*mDW', 'database': 'biorefdb', 'code':
'actparb5'},

{'name': 'CO2in', 'formula': 'co2in*mDW', 'database': 'biorefdb',
'code': 'actpar6'},

{'name': 'CO20ut', 'formula': 'mDW* (co2in-co2cons)', 'database':
'biorefdb', 'code': 'actpar7'},

{'name': 'Ecult', 'formula': 'ecult*mDW', 'database': 'biorefdb',
'code': 'actpar8'},

{'name': 'Qcult', 'formula': 'gcult*mDW', 'database': 'biorefdb',
'code': 'actpar9'},

{'name': 'Ehar', 'formula': 'ecen*0.001* (mDW/c0)', 'database':
'biorefdb', 'code': 'actparlO'},

{'name': 'Edis', 'formula': 'edis*mDW', 'database': 'biorefdb', 'code':
'actparll'},

{'name': 'Esep', 'formula': 'ecen*0.001* (mDW/cx)', 'database':
'biorefdb', 'code': 'actparl2'},

{'name': 'mWTPP', 'formula': 'mSDW* ((1-cSTPP)/cSTPP)-w*mDW* (1-cx)/cx',
'database': 'biorefdb', 'code': 'actparl3'},

{'name': 'Edry2', 'formula': 'edry*mDW* (l-cx)/cx+edry*mWTPP',
'database': 'biorefdb', 'code': 'actparld'},

{'name': 'Qdry2', 'formula': 'gdry*mDW* (l-cx)/cx+qdry*mWTPP',
'database': 'biorefdb', 'code': 'actparl5'},

{'name': 'mWDF', 'formula': 'DV1*(2/3)*mSW', 'database': 'biorefdb',
'code': 'actparle'},

{'name': 'Edryl', 'formula': 'edry*mDW* (l-cx)/cx+edry*mWDF', 'database':



Appendix B 115

'biorefdb', 'code': 'actparl7'},

1297 {'name': 'Qdryl', 'formula': 'gdry*mDW* (l1-cx)/cx+qgdry*mWDF', 'database':
'biorefdb', 'code': 'actparl8'},

1298 {'name': 'EUF', 'formula': 'efill*0.001*mSW', 'database': 'biorefdb',
'code': 'actparl9'},

1299 {'name': 'EDF', 'formula': '(2/3)*efill*0.001*mSW', 'database':
'biorefdb', 'code': 'actpar20'},

1300 {'name': 'M1 1', 'formula': 'Psl 1+Prl 1', 'database': 'biorefdb',
'code': 'actpar2l'},

1301 {'name': 'M1 2', 'formula': 'Psl 2+Prl 2', 'database': 'biorefdb',
'code': 'actpar22'},

1302 {'name': 'M2 1', 'formula': 'Ps2 1+Pr2 1', 'database': 'biorefdb',
'code': 'actpar23'},

1303 {'name': 'M2 2', 'formula': 'Ps2 2+Pr2 2', 'database': 'biorefdb',
'code': 'actpar24'},

1304 {'name': 'mSEl', 'formula': '0.01*mSE', 'database': 'biorefdb', 'code':
'actpar25'},

1305 {'name': 'ESE', 'formula': 'eSE*mPDW', 'database': 'biorefdb', 'code':
'actpar26'},

1306 {'name': 'QSE', 'formula': 'gSE*mPDW', 'database': 'biorefdb', 'code':
'actpar27'},

1307 {'name': 'Ecen', 'formula': 'ecen*0.00l1*mPW+ecen*mSE', 'database':
'biorefdb', 'code': 'actpar28'},

1308 {'name': 'EevaSE', 'formula': 'eevaSE*mSE', 'database': 'biorefdb',
'code': 'actpar29'},

1309 {'name': 'QevaSE', 'formula': 'gevaSE*mSE', 'database': 'biorefdb',
'code': 'actpar30'},

1310 {'name': 'EconSE', 'formula': 'econSE*mSE', 'database': 'biorefdb',
'code': 'actpar3l'},

1311 {'name': 'QconSE', 'formula': 'gconSE*mSE', 'database': 'biorefdb',
'code': 'actpar32'},

1312 {'name': 'LiA', 'formula': 'recLiA*cLi*mDW+PsA', 'database': 'biorefdb',
'code': 'actpar33'},

1313 {'name': 'MA', 'formula': 'mPDW-LiA', 'database': 'biorefdb', 'code':
'actpar34'},

1314 {'name': 'mSCEl', 'formula': '0.01*mSCE', 'database': 'biorefdb',
'code': 'actpar35'},

1315 {'name': 'ESCE', 'formula': 'eSCE*mPDW', 'database': 'biorefdb', 'code':
'actpar36'},

1316 {'name': 'EevaSCE', 'formula': 'eevaSCE*mSCE', 'database': 'biorefdb',
'code': 'actpar37'},

1317 {'name': 'QevaSCE', 'formula': 'gevaSCE*mSCE', 'database': 'biorefdb',
'code': 'actpar38'},

1318 {'name': 'EconSCE', 'formula': 'econSCE*mSCE', 'database': 'biorefdb',
'code': 'actpar39'},

1319 {'name': 'QconSCE', 'formula': 'gconSCE*mSCE', 'database': 'biorefdb',
'code': 'actpar40'},

1320 {'name': 'LiB', 'formula': 'recLiB*cLi*mDW', 'database': 'biorefdb',
'code': 'actpar4l'},

1321 {'name': 'MB', 'formula': 'mPDW-LiB', 'database': 'biorefdb', 'code':
'actpar4?2'},

1322 {'name': 'ETPP', 'formula': 'eTPP*mSDW', 'database': 'biorefdb', 'code':
'actpar43'},

1323 {'name': 'mEnz', 'formula': '0.016*mTPPW', 'database': 'biorefdb',
'code': 'actpar44d'},

1324 {'name': 'FacAl', 'formula': 'fac', 'database': 'biorefdb', 'code':
'actpar45'},

1325 {'name': 'FacA2', 'formula': 'fac', 'database': 'biorefdb', 'code':
'actpar46'},

1326 {'name': 'FacBl', 'formula': 'fac', 'database': 'biorefdb', 'code':
'actpar47'},

1327 {'name': 'FacB2', 'formula': 'fac', 'database': 'biorefdb', 'code':
'actpar48'},

1328 {'name': 'LOAl', 'formula': 'locc', 'database': 'biorefdb', 'code':
'actpar49'},

1329 {'name': 'LOA2', 'formula': 'locc', 'database': 'biorefdb', 'code':
'actpar50'},

1330 {'name': 'LOBl', 'formula': 'locc', 'database': 'biorefdb', 'code':
'actparb1'},

1331 {'name': 'LOB2', 'formula': 'locc', 'database': 'biorefdb', 'code':

'actparb2'},
1332 {'name': 'LTAl', 'formula': 'ltrans',6 'database': 'biorefdb', 'code':
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'actpar53'},

{'name': 'LTA2', 'formula': 'ltrans', 'database': 'biorefdb', 'code':
'actparb4'},

{'name': 'LTB1', 'formula': 'ltrans', 'database': 'biorefdb', 'code':
'actparb5'},

{'name': 'LTB2', 'formula': 'ltrans', 'database': 'biorefdb', 'code':
'actparb6'},

{'name': 'mAS', 'formula': '0.4*mTPPW', 'database': 'biorefdb', 'code':
'actpar57'},

{'name': 'mIsoP', 'formula': '0.01*1.572*mTPPW', 'database': 'biorefdb',
'code': 'actparb58'},

{'name': 'mWWDL', 'formula': '0.001*DV2*mDLW', 'database': 'biorefdb',
'code': 'actparb59'},

{'name': 'mWDL', 'formula': 'DV2*mDLW', 'database': 'biorefdb', 'code':
'actpar60'},

{'name': 'EDL', 'formula': 'efil2*0.001*mDLW', 'database': 'biorefdb',
'code': 'actpar6l'},

{'name': '"EWTPP', 'amount': 0.0000000000000001, 'database': 'biorefdb',
'code': 'actpar62'},

{'name': 'mWWTPP', 'amount': 0.0000000000000001, 'database': 'biorefdb',
'code': 'actpar63'},

1

#if water content is to high, water has to be removed
#removing water is represented by following list of activity parameter
activity data = [

{'name': 'mWWW', 'formula': '0.001* (deltamW-mWR)', 'database':
'biorefdb', 'code': 'actparl'},

{'name': 'mwWCult', 'formula': 'mWO-mWR', 'database': 'biorefdb', 'code':
'actpar2'},

{'name': 'mwWwDil', 'formula': ' (mDW/cx)-(mDW/cl)', 'database':
'biorefdb', 'code': 'actpar3'},

{'name': 'Nin', 'formula': 'nin*mDW', 'database': 'biorefdb', 'code':
'actpar4d'},

{'name': 'Pin', 'formula': 'pin*mDW', 'database': 'biorefdb', 'code':
'actpar5'},

{'name': 'C0O2in', 'formula': 'co2in*mDW', 'database': 'biorefdb',
'code': 'actpar6'},

{'name': 'CO2o0ut', 'formula': 'mDW* (co2in-co2cons)', 'database':
'biorefdb', 'code': 'actpar7'},

{'name': 'Ecult', 'formula': 'ecult*mDW', 'database': 'biorefdb',
'code': 'actpar8'},

{'name': 'Qcult', 'formula': 'gcult*mDW', 'database': 'biorefdb',
'code': 'actpar9'},

{'name': 'Ehar', 'formula': 'ecen*0.001* (mDW/c0)', 'database':
'biorefdb', 'code': 'actparlO'},

{'name': 'Edis', 'formula': 'edis*mDW', 'database': 'biorefdb', 'code':
'actparll'},

{'name': 'Esep', 'formula': 'ecen*0.001* (mDW/cx)', 'database':
'biorefdb', 'code': 'actparl2'},

{'name': 'mWTPP', 'amount': 0.0000000000000001, 'database': 'biorefdb',
'code': 'actparl3'},

{'name': 'Edry2', 'formula':

'edry*mDW* (1-cx) /cx—edry*0.001* ((w*mDW* (1-cx) /cx) -mSDW* ( (1-cSTPP) /cSTPP)) '
, 'database': 'biorefdb', 'code': 'actparld'},

{'name': 'Qdry2', 'formula':

'gqdry*mDW* (1-cx) /cx—-gqdry*0.001* ( (w*mDW* (1-cx) /cx) -mSDW* ( (1-cSTPP) /cSTPP) ) '
, 'database': 'biorefdb', 'code': 'actparl5'},

{'name': 'mWDF', 'formula': 'DV1*(2/3)*mSW', 'database': 'biorefdb',
'code': 'actparlé'},

{'name': 'Edryl', 'formula': 'edry*mDW* (1-cx)/cx+edry*mWDF', 'database':
'biorefdb', 'code': 'actparl7'},

{'name': 'Qdryl', 'formula': 'gdry*mDW* (1-cx)/cx+qgdry*mWDF', 'database':
'biorefdb', 'code': 'actparl8'},

{'name': 'EUF', 'formula': 'efill*0.001*mSW', 'database': 'biorefdb',
'code': 'actparl9'},

{'name': 'EDF', 'formula': '(2/3)*efill*0.001*mSW', 'database':
'biorefdb', 'code': 'actpar20'},

{'name': 'M1 1', 'formula': 'Psl 1+Prl 1', 'database': 'biorefdb',
'code': 'actpar2l'},

{'name': 'M1 2', 'formula': 'Psl 2+Prl 2', 'database': 'biorefdb',

'code': 'actpar22'},
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{'name': 'M2 1', 'formula': 'Ps2 1+Pr2 1', 'database': 'biorefdb',
'code': 'actpar23'},
{'name': 'M2 2', 'formula': 'Ps2 2+Pr2 2', 'database': 'biorefdb',
'code': 'actpar24'},
{'name': 'mSEl', 'formula': '0.01*mSE', 'database': 'biorefdb', 'code':
'actpar25'},
{'name': 'ESE', 'formula': 'eSE*mPDW', 'database': 'biorefdb', 'code':
'actpar26'},
{'name': 'QSE', 'formula': 'gSE*mPDW', 'database': 'biorefdb', 'code':
'actpar27'},
{'name': 'Ecen', 'formula': 'ecen*0.001*mPW+ecen*mSE', 'database':
'biorefdb', 'code': 'actpar28'},
{'name': 'EevaSE', 'formula': 'eevaSE*mSE', 'database': 'biorefdb',
'code': 'actpar29'},
{'name': 'QevaSE', 'formula': 'gevaSE*mSE', 'database': 'biorefdb',
'code': 'actpar30'},
{'name': 'EconSE', 'formula': 'econSE*mSE', 'database': 'biorefdb',
'code': 'actpar3l'},
{'name': 'QconSE', 'formula': 'gconSE*mSE', 'database': 'biorefdb',
'code': 'actpar32'},
{'name': 'LiA', 'formula': 'recLiA*cLi*mDW+PsA', 'database': 'biorefdb',
'code': 'actpar33'},
{'name': 'MA', 'formula': 'mPDW-LiA', 'database': 'biorefdb', 'code':
'actpar34'},
{'name': 'mSCEl', 'formula': '0.01*mSCE', 'database': 'biorefdb',
'code': 'actpar35'},
{'name': 'ESCE', 'formula': 'eSCE*mPDW', 'database': 'biorefdb', 'code':
'actpar36'},
{'name': 'EevaSCE', 'formula': 'eevaSCE*mSCE', 'database': 'biorefdb',
'code': 'actpar37'},
{'name': 'QevaSCE', 'formula': 'gevaSCE*mSCE', 'database': 'biorefdb',
'code': 'actpar38'},
{'name': 'EconSCE', 'formula': 'econSCE*mSCE', 'database': 'biorefdb',
'code': 'actpar39'},
{'name': 'QconSCE', 'formula': 'gconSCE*mSCE', 'database': 'biorefdb',
'code': 'actpar40'},
{'name': 'LiB', 'formula': 'recLiB*cLi*mDW', 'database': 'biorefdb',
'code': 'actpar4l'},
{'name': 'MB', 'formula': 'mPDW-LiB', 'database': 'biorefdb', 'code':
'actpar42'},

name' : , ormula': 'e m , atabase': iore , 'code':
{' ' 'ETPP' 'f la’' '"'eTPP*mSDW' 'datab ' 'bi fdb' ' de'
'actpar43'},
{'name': 'mEnz', 'formula': '0.016*mTPPW', 'database': 'biorefdb',
'code': 'actpar44d'},
{'name': 'FacAl', 'formula': 'fac', 'database': 'biorefdb', 'code':
'actpar45'},
{'name': 'FacA2', 'formula': 'fac', 'database': 'biorefdb', 'code':
'actpar4é6'},
{'name': 'FacBl', 'formula': 'fac', 'database': 'biorefdb', 'code':
'actpar4d7'},
{'name': 'FacB2', 'formula': 'fac', 'database': 'biorefdb', 'code':
'actpar48'},
{'name': 'LOAl', 'formula': 'locc', 'database': 'biorefdb', 'code':
'actpar49'},
{'name': 'LOA2', 'formula': 'locc', 'database': 'biorefdb', 'code':
'actpar50'},
{'name': 'LOBl', 'formula': 'locc', 'database': 'biorefdb', 'code':
'actparb1'},
{'name': 'LOB2', 'formula': 'locc', 'database': 'biorefdb', 'code':
'actpar52'},
{'name': 'LTAl', 'formula': 'ltrans', 'database': 'biorefdb', 'code':
'actparb53'},
{'name': 'LTA2', 'formula': 'ltrans', 'database': 'biorefdb', 'code':
'actparb4'},
{'name': 'LTB1', 'formula': 'ltrans', 'database': 'biorefdb', 'code':
'actparb5'},
{'name': 'LTB2', 'formula': 'ltrans', 'database': 'biorefdb', 'code':
'actparb6'},
{'name': 'mAS', 'formula': '0.4*mTPPW', 'database': 'biorefdb', 'code':
'actpar57'},
{'name': 'mIsoP', 'formula': '0.01*1.572*mTPPW', 'database': 'biorefdb',

'code': 'actpar58'},
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{'name': 'mWWDL', 'formula': '0.001*DV2*mDLW', 'database': 'biorefdb',
'code': 'actpar59'},

{'name': 'mWDL', 'formula': 'DV2*mDLW', 'database': 'biorefdb', 'code':
'actpar60'},

{'name': 'EDL', 'formula': 'efil2*0.001*mDLW', 'database': 'biorefdb',
'code': 'actpar6l'},

{'name': 'EWTPP', 'formula': 'ecen*0.001*mSW', 'database': 'biorefdb',
'code': 'actpar62'},

{'name': "mWWTPP', 'formula':

'0.001* ((w*mDW* (1-cx) /cx)-mSDW* ( (1-cSTPP) /cSTPP)) ', 'database':
'biorefdb', 'code': 'actpar63'},

1

parameters.new activity parameters(activity data, "actparbioref')

#activity parameters for reference systems
activity data ref = [

{'name': 'surfactant al', 'formula': 'Psl 2+Prl 2', 'database': 'biorefdb',
'code': 'actpar64'},

{'name': 'prot feed al', 'formula': 'cPr*(l-sPr)', 'database': 'biorefdb',
'code': 'actpar65'},

{'name': 'maize al', 'formula': 'Psl 1*0.9*0.67*1.63', 'database':
'biorefdb', 'code': 'actpar66'},

{'name': 'palm oil al', 'formula': 'recLiA*cLi*mDW+PsA', 'database':
'biorefdb', 'code': 'actpar67'},

{'name': 'surfactant a2', 'formula': 'Ps2 2+Pr2 2', 'database': 'biorefdb',
'code': 'actpar68'},

{'name': 'prot feed a2', 'formula': 'cPr*(l-sPr)', 'database': 'biorefdb',
'code': 'actpar69'},

{'name': 'maize a2', 'formula': 'Ps2 1*0.9*0.67*1.63', 'database':
'biorefdb', 'code': 'actpar70'},

{'name': 'palm oil a2', 'formula': 'recLiA*cLi*mDW+PsA', 'database':
'biorefdb', 'code': 'actpar7l'},

{'name': 'surfactant bl', 'formula': 'Psl 2+Prl 2', 'database': 'biorefdb',
'code': 'actpar72'},

{'name': 'prot feed bl', 'formula': 'cPr*(l-sPr)', 'database': 'biorefdb',
'code': 'actpar73'},

{'name': 'maize bl', 'formula': 'Psl 1*0.9*0.67*1.63', 'database':
'biorefdb', 'code': 'actpar74'},

{'name': 'palm oil bl', 'formula': 'recLiB*cLi*mDW', 'database': 'biorefdb',
'code': 'actpar75'},

{'name': 'surfactant b2', 'formula': 'Ps2 2+Pr2 2', 'database': 'biorefdb',
'code': 'actpar7e'},

{'name': 'prot feed b2', 'formula': 'cPr*(l-sPr)', 'database': 'biorefdb',
'code': 'actpar77'},

{'name': 'maize b2', 'formula': 'Ps2 1*0.9*0.67*1.63', 'database':
'biorefdb', 'code': 'actpar78'},

{'name': 'palm oil b2', 'formula': 'recLiB*cLi*mDW', 'database': 'biorefdb',
'code': 'actpar79'},

{'name': 'energy feed al', 'formula':

'cPr* (1-sPr)*10.2+ (cPs* (1-sPs)-ImpLiA) *14.9+cLi* (1-recLiA) *35', 'database':
'biorefdb', 'code': 'actpar80'},

{'name': 'energy feed a2', 'formula':

'cPr* (1-sPr)*10.2+ (cPs* (1-sPs) -ImpLiA) *14.9+cLi* (1-recLiA) *35', 'database':
'biorefdb', 'code': 'actpar8l'},

{'name': 'energy feed bl', 'formula':

'"cPr* (1-sPr)*10.2+cPs* (1-sPs) *14.9+cLi* (1-recLiB) *35', 'database':
'biorefdb', 'code': 'actpar82'},

{'name': 'energy feed b2', 'formula':

'"cPr* (1-sPr)*10.2+cPs* (1-sPs) *14.9+cLi* (1-recLiB) *35', 'database':
'biorefdb', 'code': 'actpar83'},

1

parameters.new activity parameters(activity data ref, "actparbioref ref'")
#save parameter values in list for reverse analysis
for param in ActivityParameter.select():

param names.append(param.name)

param values.append(param.amount)

# # Part D: LCIA

#Defining LCIA methods for each impact category

#Inventory of background system equals LCIA of processes calculated in SimaPro
ReCiPe 2016

with
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#Only characterisation factor for equivalent-substance required and biosphere
exchange flows of foreground system required

GWP_data = [[('biorefdb', 'Gwp'), 1.0]]

GWP_key = ('ReCiPe2016', 'global warming potential', 'GWP')

GWP_method = Method (GWP_key)

GWP_method.validate (GWP_data)

GWP _method.register()

GWP_method.write (GWP_data)

methods[('ReCiPe2016", 'global warming potential', '"GWP')]['unit'] = 'kg CO2-eq'

ODP_data = [[('biorefdb', 'ODP"), 1.0]]

ODP_key = ('ReCiPe2016', 'stratospheric ozone depletion', 'ODP')

ODP_method = Method (ODP_key)

ODP _method.validate (ODP_data)

ODP_method.register ()

ODP_method.write (ODP_data)

methods[('ReCiPe2016"', 'stratospheric ozone depletion', 'ODP')]['unit'] = 'kg
CFCll-eq'

IR data = [[('biorefdb', "IR'), 1.0]]

IR key = ('ReCiPe2016', 'ionizing radiation', 'IR')

IR method = Method (IR key)

IR method.validate (IR data)

IR method.register()

IR method.write (IR _data)

methods[('ReCiPe2016', '"ionizing radiation', "IR")]['unit'] = 'kBg Co-60-eq'

POFPHH data = [[('biorefdb', 'POFPHH'), 1.0]]

POFPHH key = ('ReCiPe2016', 'ozone formation, human health', 'POFPHH')

POFPHH method = Method (POFPHH key)

POFPHH method.validate (POFPHH data)

POFPHH method.register()

POFPHH method.write (POFPHH data)

methods[('ReCiPe2016"', 'ozone formation, human health', '"POFPHH')]['unit'] = 'kg
NOx-eq'

PMF data = [[('biorefdb', "PME'), 1.01]

PMF_key = ('ReCiPe2016', 'fine particulate matter formation', 'PMF')

PMF method = Method (PMF key)

PMF method.validate (PMF data)

PMF method.register()

PMF method.write (PMF_data)

methods[('ReCiPe2016', 'fine particulate matter formation', 'PMF')]['unit'] = 'kg
PM2.5-eq"

POFPEQ data = [[('biorefdb', '"POFPEQ'), 1.0]1]

POFPEQ key = ('ReCiPe2016', 'ozone formation, terrestrial ecosystems', 'POFPEQ')
POFPEQ method = Method(POFPEQ key)

POFPEQ method.validate (POFPEQ data)

POFPEQ method.register()

POFPEQ method.write (POFPEQ data)

methods[('ReCiPe2016"', 'ozone formation, terrestrial ecosystems', 'POFPEQ')]['unit']

= 'kg NOx-eq'

TAP data = [[('biorefdb', 'TAP"), 1.0]]

TAP key = ('ReCiPe2016', 'terrestrial acidification', 'TAP')

TAP_method = Method(TAP_ key)

TAP_method.validate (TAP_data)

TAP method.register()

TAP_method.write (TAP data)

methods[('ReCiPe2016"', 'terrestrial acidification', '"TAP')]['unit'] = 'kg SO2-eq'

FEP data = [[('biorefdb', "FEP'), 1.0]11]

FEP_key = ('ReCiPe2016', 'freshwater eutrophication', 'FEP')

FEP method = Method(FEP_key)

FEP method.validate (FEP data)

FEP method.register()

FEP method.write (FEP data)

methods[('ReCiPe2016"', 'freshwater eutrophication', 'FEP')]['unit']l = 'kg P-eqg'

MEP data = [[('biorefdb', 'MEP'), 1.0]]
MEP _key = ('ReCiPe2016', 'marine eutrophication', 'MEP')
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MEP method = Method(MEP_key)

MEP method.validate(MEP_data)

MEP method.register()

MEP method.write(MEP data)

methods[('ReCiPe2016"', 'marine eutrophication', 'MEP"')]['unit'] = 'kg N-eqg'

TETP data = [[('biorefdb', '"TETP'), 1.0]1]

TETP_key = ('ReCiPe2016', 'terrestrial ecotoxicity', 'TETP')

TETP method = Method(TETP key)

TETP _method.validate (TETP data)

TETP_method.register()

TETP method.write(TETP data)

methods[('ReCiPe2016', 'terrestrial ecotoxicity', 'TETP')]['unit'] = 'kg 1,4-DCB'

FETP data = [[('biorefdb', 'FETP'), 1.0]1]

FETP_key = ('ReCiPe2016', 'freshwater ecotoxicity', 'FETP'")

FETP method = Method(FETP_key)

FETP_method.validate (FETP data)

FETP method.register()

FETP_method.write (FETP_data)

methods[('ReCiPe2016', 'freshwater ecotoxicity', 'FETP')]['unit'] = 'kg 1,4-DCB'

METP data = [[('biorefdb', 'METP'), 1.0]]

METP _key = ('ReCiPe2016', 'marine ecotoxicity', 'METP')

METP method = Method(METP_key)

METP method.validate (METP_data)

METP method.register()

METP method.write (METP_ data)

methods[('ReCiPe2016"', 'marine ecotoxicity', 'METP')]['unit'] = 'kg 1,4-DCB'

HCTP data = [[('biorefdb', 'HCTP'), 1.01]

HCTP_key = ('ReCiPe2016', 'human carcinogenic toxicity', 'HCTP'")

HCTP_method = Method (HCTP key)

HCTP method.validate (HCTP data)

HCTP method.register()

HCTP method.write (HCTP data)

methods[('ReCiPe2016"', 'human carcinogenic toxicity', 'HCTP')]['unit'] = 'kg 1,4-DCB'

HNCTP _data = [[('biorefdb', 'HNCTP'), 1.0]]

HNCTP key = ('ReCiPe2016', 'human non-carcinogenic toxicity', 'HNCTP')
HNCTP_method = Method (HNCTP_ key)

HNCTP_method.validate (HNCTP_data)

HNCTP method.register()

HNCTP_method.write (HNCTP data)

methods[('ReCiPe2016"', 'human non-carcinogenic toxicity', 'HNCTP')]['unit'] = 'kg
1,4-DCB."

LU data = [[('biorefdb', 'LU"), 1.0], [('biorefdb', 'transformation'), 3.75],
[('"biorefdb', 'occupation'), 0.73]]

LU key = ('ReCiPe2016', 'land use', 'LU')

LU method = Method (LU key)

LU method.validate (LU data)

LU method.register()

LU method.write (LU data)

methods[('ReCiPe2016', '"land use', 'LU')]['unit'] = 'm2a crop-eq’

MRD data = [[('biorefdb', 'MRD'), 1.0]]

MRD key = ('ReCiPe2016', 'mineral resource scarcity', 'MRD'")

MRD method = Method(MRD key)

MRD method.validate (MRD_data)

MRD method.register()

MRD method.write (MRD data)

methods[('ReCiPe2016', 'mineral resource scarcity', "MRD')]['unit'] = 'kg Cu-eqg'

FFD data = [[('biorefdb', "FED'), 1.0]11]

FFD key = ('ReCiPe2016', 'fossil resource scarcity', 'FFD'")

FFD method = Method(FFD_key)

FFD method.validate (FFD data)

FFD method.register()

FFD method.write(FFD data)

methods[('ReCiPe2016', 'fossil resource scarcity', "FED')]['unit'] = 'kg oil-eq'
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H20 data =

[[('biorefdb', 'H20'), 1.01]

H20 key = ('ReCiPe2016', 'water consumption'
H20 method = Method(H20 key)

H20 method.validate (H20 data)

H20 method.register ()

H20 method.write (H20_ data)
methods[('ReCiPe2016"', 'water consumption',

#defining function for LCIA calculation

nun

ca bs: dataframe for results of contribution

system

, '"H20'")

"H20")]['unit'] = 'm3"

analysis of

all runs of the biorefinery

ca ref: dataframe for results of contribution analysis of all runs the reference

system

n: current iteration
it: number of iterations required

param names:

list of parameter names

param values: list of parameter values

datestr: date and time of program start to save results in correct folder

nun

def LCIA(ca_bs, ca ref, n, it, param names, param values, datestr):
#list of systems to be analysed
sys = ['Al', 'A2', 'B1', 'B2']
#list of all impact categories
Im = list(methods)
for s in sys:
for i in 1m:

N = str(n)

#Calculating LCIA for biorefinery system and adding results to lists
with corresponding parameter values
functional unit = {Database('biorefdb').get("path"+s) : 1}

lca = LCA(functional unit, i)
lca.lci()
lca.lcia()
param names.append(i[2]+' '+s)
param values.append(lca.score)

#Calculating LCIA for reference system and adding results to lists with

corresponding parameter values

functional unit ref = {Database('biorefdb').get("ref"+s) : 1}
lca ref = LCA(functional unit ref, i)

lca ref.lci()
lca ref.lcia()

param names.append(i[2]+' ref'+s)
param values.append(lca ref.score)

#Contribution analysis of biorefinery system

score = []
process = []

#limit of top-contributing processes is set to 100, to ensure that all

processes are considered

contribution = ca.annotated top processes(lca, 1imit=100, names=False)
ca arr = pd.DataFrame(contribution).values

x = len(contribution)

#alphabetical sorting of results to combine the results of all

iterations in one dataframe
for j in range(0,x):

process.append(ca_arr([j,2]1[1])

score.append(ca _arr[j,0])
data = [score, process]
tabca = pd.DataFrame (data)

tabca = tabca.sort values(by=1, axis=l)

scores = tabca.values.tolist

() [0]

processes = tabca.values.tolist()[1]

ca bs[i[2]+' '+s+' "+N] = scores
ca bs.index = processes

#Contribution analysis of reference system

score ref = []
process_ref = []
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contribution ref = ca.annotated top processes(lca ref, 1limit=100,

names=False)
ca arr ref = pd.DataFrame(contribution ref).values
x = len(contribution ref)
for j in range(0,x):
process_ref.append(ca_arr ref[j,2][1])
score ref.append(ca arr ref[j,0])
data ref = [score ref, process_ref]
tabca ref = pd.DataFrame(data ref)
tabca ref = tabca ref.sort values(by=1, axis=l)
scores_ref = tabca ref.values.tolist() [0]
processes_ref = tabca ref.values.tolist()[1]
ca ref[i[2]+' ref'+4+s+' '"4N] = scores ref
ca_ref.index = processes_ref

#export contribution analysis after last iteration

if n+l == it:
ca bs.to csv('{}\\contribution bs.csv'.format (datestr))
ca ref.to csv('{}\\contribution ref.csv'.format (datestr))

#same function without calculation of reference system
#defining function for LCIA calculation of scenario9
def LCIA sludge(ca_sludge, n, it, param names, param values, datestr):

sys = ['Al", "A2', 'B1', 'B2']
Im = list(methods)
for s in sys:
for i in Im:
N = str(n)
functional unit = {Database('biorefdb').get("path"+s) : 1}
lca = LCA(functional unit, i)
lca.lci()
lca.lcia()
param names.append(i[2]+' '+s)
param values.append(lca.score)

score = []
process = []

contribution = ca.annotated top processes(lca, 1imit=100, names=False)

ca arr = pd.DataFrame(contribution).values
x = len(contribution)
for j in range(0,x):
process.append(ca_arr([j,2]1[1])
score.append(ca_arr[j,0])
data = [score, process]
tabca = pd.DataFrame (data)
tabca = tabca.sort values(by=1, axis=1l)
scores = tabca.values.tolist () [0]
processes = tabca.values.tolist()[1]
ca sludge[i[2]+' '"+4s+' '"4N] = scores
ca_sludge.index = processes

if n+l == it:
ca_sludge.to_csv('{}\\contribution sludge.csv'.format (datestr))

#defining function for LCIA calculation of scenariol0
def LCIA cattle(ca cattle, n, it, param names, param values, datestr):

sys = ['Al", '"A2', 'B1', 'B2']
Im = list(methods)
for s in sys:
for i in 1m:
N = str(n)
functional unit = {Database('biorefdb').get("path"+s) : 1}
lca = LCA(functional unit, 1)
lca.lci()
lca.lcia()
param names.append(i[2]+' '+s)
param values.append(lca.score)

score = []
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process = []
contribution = ca.annotated top processes(lca, 1imit=100, names=False)
ca arr = pd.DataFrame(contribution).values
x = len(contribution)
for j in range(0,x):
process.append(ca_arr[j,2]1[1])
score.append(ca_arr[j,0])
data = [score, process]
tabca = pd.DataFrame (data)
tabca = tabca.sort values(by=1, axis=l)
scores = tabca.values.tolist() [0]
processes = tabca.values.tolist()[1]
ca cattle[i[2]+' '"+4s+' '"4N] = scores
ca cattle.index = processes

if n+l == it:
ca cattle.to csv('{}\\contribution cattle.csv'.format (datestr))

#Life Cycle Impact Assessment for scenario 1

#Scenario 2-8 calculted in Excel based on results of scenario 1
#number of interations depends on size of Saltelli sample
iteration = 4000

#empty lists and dataframes for results

data = []

ca_bs = pd.DataFrame ()

ca_ref = pd.DataFrame()

for i in range(iteration):
#print time and iteration to be able to follow the progress
time = datetime.datetime.today() .strftime('2HZM")

print(time+': '+4str(i))

#empty list to store parameter names and values for each iteration
param names = []

param values = []

#calculate project parameters based on Saltelli sample (inval) for current
iteration (n)

project param(param names, param values, inval, i)

#calculate database parameter based on project parameter calculated before
database param(param names, param values)

#calculate activity parameter based on project and database parameter calculated
before

activity param(param names, param values)

#call function to calculate LCIA and contribution analysis

LCIA(ca bs, ca ref, i, iteration, param names, param values, datestr)

#add parameter values and corresponding LCIA results to list
data.append(param values)

#create dataframe to display and save results
df = pd.DataFrame(data, columns = param names)
df.to_csv('{}\\results.csv'.format (datestr))
df

# boxplots of contribution analysis for each impact category and system
# empty dataframe for results
#stats = pd.DataFrame ()

sys = ['Al", 'A2', 'B1', 'B2']
Im = list(methods)
#list of abbreviations of impact categories
ic = []
for i in Im:

ic.append(i[2])

for s in sys:
for c in ic:

IC = str(c)
#filter dataframe with results for impact category and system
ca bs filtered = ca bs.filter(like=IC+' '+s).copy()
#add column with sum of each row
ca bs filtered['Total']= ca bs filtered.sum(axis=1)
#remove non-contributing processes from dataframe
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ca bs short = ca_bs filtered.query('Total != 0')
#transpose dataframe

ca_bs_short = ca bs short.T

#remove total
ca_bs short = ca bs short[:-1]
ca bs short.to csv('{}\\{} {} contribution statistics.csv'.format (datestr,

s, IC))

#Creating Database for scenario 9

bioref data scen9

= {

#Definition of reference substances of each impact category as biosphere flow
#Required for calculation of LCIA results

('biorefdb’',
('biorefdb"',
('biorefdb',
('biorefdb',
'biosphere'},
('biorefdb',
('biorefdb"',
'biosphere'},
('biorefdb',
('biorefdb',
('biorefdb',
('biorefdb"',
('biorefdb',
('biorefdb',
('biorefdb',
('biorefdb’',
('biorefdb"',
'biosphere'},
('biorefdb',
('biorefdb',
('biorefdb',

#Definition of additional biosphere flows occuring in the

'GWP'): {'name': 'GWP', 'unit': 'kilogram', 'type': 'biosphere'},
'ODP'): {'name': 'ODP', 'unit': 'kilogram', 'type': 'biosphere'},
'"IR'"): {'name': 'IR', 'unit': 'kilobecquerel', 'type': 'biosphere'},
'"POFPHH') : {'name': 'POFPHH', 'unit': 'kilogram', 'type':

'"PMF'): {'name': 'PMF', 'unit': 'kilogram', 'type': 'biosphere'},
'"POFPEQ'): {'name': 'POFPEQ', 'unit': 'kilogram', 'type':

'TAP'): {'name': 'TAP', 'unit': 'kilogram', 'type': 'biosphere'},
'FEP'): {'name': 'FEP', 'unit': 'kilogram', 'type': 'biosphere'},
'MEP'): {'name': 'MEP', 'unit': 'kilogram', 'type': 'biosphere'},
'TETP'): {'name': 'TETP', 'unit': 'kilogram',6 'type': 'biosphere'},
'FETP'): {'name': 'FETP', 'unit': 'kilogram',6 'type': 'biosphere'},
'METP'): {'name': 'METP', 'unit': 'kilogram',6 'type': 'biosphere'},
'"HCTP'): {'name': 'HCTP', 'unit': 'kilogram',6 'type': 'biosphere'},
'"HNCTP'): {'name': 'HNCTP', 'unit': 'kilogram', 'type': 'biosphere'},
'LU'): {'name': 'LU', 'unit': 'squaremeter year', 'type':

'MRD'): {'name': 'MRD', 'unit': 'kilogram', 'type': 'biosphere'},
'FFD'): {'name': 'FFD', 'unit': 'kilogram', 'type': 'biosphere'},
'H20'"): {'name': 'H20', 'unit': 'cubic meter', 'type': 'biosphere'},

foreground system

('biorefdb', 'occupation'): {'name': 'occupation', 'unit': 'squaremeter year',
'type': 'biosphere'},

('biorefdb', 'transformation'): {'name': 'transformation', 'unit':
'squaremeter', 'type': 'biosphere'},

#Definition of output flows

('biorefdb', '"lipidsA'): {'name': 'lipidsA', 'unit': 'kilogram',6 'type':
'biosphere'},

('biorefdb', 'proteinsA'): {'name': 'proteinsA', 'unit': 'kilogram',6 'type':
'biosphere'},

('biorefdb', '"lipidsB'): {'name': 'lipidsB', 'unit': 'kilogram',6 'type':
'biosphere'},

('biorefdb', 'proteinsB'): {'name': 'proteinsB', 'unit': 'kilogram', 'type':
'biosphere'},

('biorefdb', 'polysaccharidesl'): {'name': 'polysaccharidesl', 'unit':
'kilogram', 'type': 'biosphere'},

('biorefdb', 'proteinsl'): {'name': 'proteinsl', 'unit': 'kilogram',6 'type':
'biosphere'},

('biorefdb', 'polysaccharides2'): {'name': 'polysaccharides2', 'unit':
'kilogram', 'type': 'biosphere'},

('biorefdb', 'proteins2'): {'name': 'proteins2', 'unit': 'kilogram', 'type':

'biosphere'},

#Background system with names of datasets in ecoinvent 3.5 consequential

#Tap water{Europe without Switzerland},

underground without treatment

('biorefdb', 'water'): {'name': 'water', 'unit': 'kilogram', 'type': 'process',
'exchanges': [
{'input': ('biorefdb', 'water'), 'amount': 1.0, 'unit': 'kilogram', 'type':
'production'},
{'input': ('biorefdb', 'GWP'), 'amount': 9.19e-05, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'ODP'), 'amount': 6.509999999999999%e-11, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'IR'), 'amount': 3.6e-05, 'unit': 'kilobecquerel',
'type': 'biosphere'},
{'input': ('biorefdb', 'POFPHH'), 'amount': 1.72e-07, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'PMF'), 'amount': 2.46e-07, 'unit': 'kilogram',

'type': 'biosphere'},
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1842
1843
1844
1845
1846
1847
1848
1849
1850
1851
1852
1853
1854
1855
1856
1857
1858
1859
1860
1861
1862
1863
1864
1865
1866
1867
1868
1869
1870
1871
1872
1873
1874
1875
1876
1877

1878
1879

{'"input': ('biorefdb',
'kilogram',
{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},

{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',

'type': 'biosphere'},

'"POFPEQ'), 'amount': 1.7600000000000001e-07, 'unit':

'type': 'biosphere'},

'"TAP'), 'amount': 2.89e-07, 'unit': 'kilogram',
'"FEP'), 'amount': 7.21e-08, 'unit': 'kilogram',
'MEP'), 'amount': 5.01e-09, 'unit': 'kilogram',

'"TETP'), 'amount': 0.000302872, 'unit': 'kilogram',

'FETP'), 'amount': 9.68e-06, 'unit': 'kilogram',
'METP'), 'amount': 1.24e-05, 'unit': 'kilogram',
'"HCTP'), 'amount': 4.63e-06, 'unit': 'kilogram',

{'input': ('biorefdb', 'HNCTP'), 'amount': 0.000131634, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'LU'), 'amount': 2.09e-05, 'unit': 'squaremeter
year', 'type': 'biosphere'},

{'"input': ('biorefdb', 'MRD'), 'amount': 4.14e-07, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb',
'type': 'biosphere'},

{'"input': ('biorefdb',
'"type': 'biosphere'}l},

'"FFD'), 'amount': 2.94e-05, 'unit': 'kilogram',

'H20'"), 'amount': 0.001000662, 'unit': 'cubic meter',

#Anaerobic digestion and biogas purification of sewage sludge (self created

dataset)
#CO02 was used as reference
#Provision of electricity,

('biorefdb', 'C02'): {'name':

'exchanges': [

{'"input': ('biorefdb',
'production'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'kilobecquerel', 'type'
{'"input': ('biorefdb',
'kilogram',
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',

flow due to is fixed consumption rate

heat and nutrients included as avoided products
'Cco2', 'unit': 'kilogram', 'type': 'process',
'co2'"), 'amount': 1.0, 'unit': 'kilogram', 'type':
'GWP'), 'amount': =3.512147405, 'unit': 'kilogram',
'ODP'), 'amount': 1.58e-06, 'unit': 'kilogram',
'IR'"), 'amount': 0.384953161, 'unit':

: 'biosphere'},
'"POFPHH'), 'amount': =0.000705958, 'unit':

'type': 'biosphere'},

'"PMF'), 'amount': -0.001222884, 'unit': 'kilogram',

'"POFPEQ'), 'amount': -0.000782472, 'unit':

'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb',

'TAP'), 'amount': -0.0038265559999999996, 'unit':

'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb',

'FEP'), 'amount': =5.379999999999999e-05, 'unit':

'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},

{'"input': ('biorefdb',
year', 'type':

{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',

'type': 'biosphere'}l},

'MEP'), 'amount': 1.13e-05, 'unit': 'kilogram',
'TETP'), 'amount': -0.287568593, 'unit': 'kilogram',

'"FETP'), 'amount': 0.020880455, 'unit': 'kilogram',

'METP'), 'amount': 0.01432624, 'unit': 'kilogram',
'"HCTP'), 'amount': =-0.005427729, 'unit': 'kilogram',
'"HNCTP'), 'amount': 0.344047301, 'unit': 'kilogram',

'LU"), 'amount': 0.919170052, 'unit': 'squaremeter

'biosphere'},

'MRD'), 'amount': 0.000760736, 'unit': 'kilogram',
'"FFD'), 'amount': =1.590540006, 'unit': 'kilogram',
'H20'"), 'amount': -0.00565796, 'unit': 'cubic meter',

#Urea, as N {GLO}, market for
('biorefdb', 'urea'): {'name': 'urea', 'unit': 'kilogram', 'type': 'process',
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1880
1881
1882
1883
1884
1885
1886
1887
1888
1889
1890
1891
1892
1893
1894
1895
1896
1897
1898

1899
1900

1901
1902
1903
1904
1905
1906
1907
1908
1909
1910
1911
1912
1913
1914

1915

'exchanges':
{'input’

[
: ('biorefdb',

'production'},

{'input’

'kilogram',

{"input'
'type':
{'input'

'kilobecquerel',

{'input'

'kilogram',

{'input'
'type':
{'input’

'kilogram',

{'input'
'type':
{'input'

'kilogram',

{'input'
'type':
{'input'
'type':
{'input’
'type':
{'input'

'kilogram',

{'input'
'type':

{'input'
'type':

{'input'
year',
{'input’

'kilogram',

{'input'
'type':
{'input'
meter',

#p-fertilizer,

'type':

: ('biorefdb',
'type':
: ('biorefdb',
'biosphere'},

: ('biorefdb',

: ('biorefdb',
'type':
: ('biorefdb',
'biosphere'},
: ('biorefdb',
'type':

: ('biorefdb', 'TAP'), 'amount': 0.
'biosphere'},

: ('biorefdb', 'FEP'), 'amount': 0.

'type': 'biosphere'},

: ('biorefdb', 'MEP'), 'amount': 0.
'biosphere'},

: ('biorefdb', 'TETP'), 'amount':
'biosphere'},

: ('biorefdb', 'FETP'), 'amount':
'biosphere'},

: ('biorefdb', 'METP'), 'amount':

'type':
: ('biorefdb',
'biosphere'},
: ('biorefdb',
'biosphere'},
: ('biorefdb',

: ('biorefdb',
'type':
: ('biorefdb',
'biosphere'},
: ('biorefdb',
'type':

"type':

'biosphere'},

'biosphere'},

'biosphere'},

'"HCTP'), 'amount':

'"HNCTP') , 'amount':

'LU'), 'amount': 0.

'MRD'), 'amount':
'biosphere'},

'"FFD'), 'amount': 1

'H20'), 'amount':

'biosphere'}1},
as P205{GLO},

market for

014229499,

000115323,
19.2202542,

0.060183911,

0.09959797599999999,

0.053159%9011,
2.968096533

040138148,

0.011912731999999999,

.55431272,

0.18376514100000002,

0005778469999999999,

'unit':
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'urea'), 'amount': 1.0, 'unit': 'kilogram',6 'type':

'"GWP'), 'amount': 3.8894564739999997, 'unit':
'biosphere'},

'ODP'), 'amount': 1.36e-06, 'unit': 'kilogram',

'"TR"), 'amount': -0.089660003, 'unit':

'biosphere'},

'"POFPHH'"), 'amount': 0.0047212090000000005, 'unit':
'biosphere'},

'"PMF'), 'amount': 0.004883223, 'unit': 'kilogram',

'"POFPEQ'), 'amount': 0.0049160259999999996, 'unit':

'unit': 'kilogram',
'unit':

'unit': 'kilogram',
'unit': 'kilogram',
'unit': 'kilogram',

'unit':

'unit': 'kilogram',
, 'unit': 'kilogram',
'unit': 'squaremeter

'unit':
'kilogram',

'unit': 'cubic

('biorefdb', 'p-fertilizer'): {'name': 'p-fertilizer', 'unit': 'kilogram',

'type': 'process', 'exchanges': [
{'input': ('biorefdb', 'p-fertilizer'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'production'},
{'"input': ('biorefdb', 'GWP'), 'amount': 0.860056156, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'ODP'), 'amount': =-2.61le-05, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'IR'), 'amount': 0.11128030800000001, 'unit':
'kilobecquerel', 'type': 'biosphere'},
{'input': ('biorefdb', 'POFPHH'), 'amount': 0.003998071, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'PMF'), 'amount': 0.008146645, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'POFPEQ'), 'amount': 0.004065714000000001, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'TAP'), 'amount': 0.015577354, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FEP'), 'amount': 0.002341785, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'MEP'), 'amount': 8.809999999999999e-05, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'TETP'), 'amount': 11.31426411, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FETP'), 'amount': 0.104942619, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'METP'), 'amount': 0.149328385, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'HCTP'), 'amount': 0.091493355, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'HNCTP'), 'amount': 3.600045742, 'unit': 'kilogram',

'type':

'biosphere'},
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1916
1917
1918
1919

1920
1921

1922
1923
1924
1925
1926
1927
1928
1929
1930
1931
1932
1933
1934
1935
1936
1937
1938
1939
1940
1941
1942
1943
1944
1945
1946
1947
1948
1949
1950
1951

1952

{'"input': ('biorefdb', 'LU'), 'amount': 0.247027373, 'unit': 'squaremeter

year', 'type':

'biosphere'},

{'"input': ('biorefdb', 'MRD'), 'amount': 0.09812374, 'unit': 'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'FFD'), 'amount': 0.461347326, 'unit': 'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'H20'), 'amount': 0.08618997800000001, 'unit': 'cubic
meter', 'type': 'biosphere'}l},

#Electricity, low voltage {DE} |

market for

('biorefdb', 'electricity'): {'name': 'electricity', 'unit': 'kilowatt hour',
'type': 'process', 'exchanges' [
{'input': ('biorefdb', 'electricity'), 'amount': 1.0, 'unit': 'kilowatt
hour', 'type': 'production'},
{'input': ('biorefdb', 'GWP'), 'amount': 0.136543079, 'unit': 'kilogram',

'type': 'biosphere'},

{'input': ('biorefdb', 'ODP'), 'amount': 9.779999999999999e-08, 'unit':

'kilogram',

'type': 'biosphere'},

{'input': ('biorefdb', 'IR'), 'amount': 0.001783175, 'unit':

'kilobecquerel', 'type':

'biosphere'},

{'"input': ('biorefdb', 'POFPHH'), 'amount': 0.000216538, 'unit': 'kilogram',

'type': 'biosphere'},

{'input': ('biorefdb', 'PMF'), 'amount': 0.00010863, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'POFPEQ'), 'amount': 0.00022758, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'TAP'), 'amount': 6.7e-05, 'unit': 'kilogram',
'type': 'biosphere'},

{"input': ('biorefdb', 'FEP'), 'amount': 9.590000000000001e-05, 'unit':

'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'MEP'), 'amount': 6.7le-06, 'unit': 'kilogram',

'type': 'biosphere'},

{'input': ('biorefdb', 'TETP'), 'amount': 2.197615264, 'unit': 'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'FETP'), 'amount': 0.061270104000000006, 'unit':
'kilogram', 'type': 'biosphere'},
{"input': ('biorefdb', 'METP'), 'amount': 0.07772171900000001, 'unit':

'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'HCTP'), 'amount': 0.012012498, 'unit': 'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'HNCTP'), 'amount': 0.506773085, 'unit': 'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'LU'), 'amount': 0.003969451, 'unit': 'squaremeter
year', 'type': 'biosphere'},
{'"input': ('biorefdb', 'MRD'), 'amount': 0.001674449, 'unit': 'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'FFD'), 'amount': 0.044166038, 'unit': 'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'H20'), 'amount': 0.001595383, 'unit': 'cubic meter',

'type': 'biosphere'}l},
#Heat, district or industrial,
for

natural gas {Europe without Switzerland}| market

('biorefdb', 'heat'): {'name': 'heat', 'unit': 'megajoule', 'type': 'process',
'exchanges': [
{'input': ('biorefdb', 'heat'), 'amount': 1.0, 'unit': 'megajoule', 'type':

'production'},

{'input': ('biorefdb', 'GWP'), 'amount': 0.16105591, 'unit': 'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'ODP'), 'amount': 1.69e-08, 'unit': 'kilogram',

'type': 'biosphere'},

{'input': ('biorefdb', 'IR'), 'amount': -0.014713261000000002, 'unit':

'kilobecquerel', 'type':

'biosphere'},

{'"input': ('biorefdb', 'POFPHH'), 'amount': 4.34e-05, 'unit': 'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'PMF'), 'amount': =7.520000000000001e-07, 'unit':
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'POFPEQ'), 'amount': 4.7e-05, 'unit': 'kilogram',

'type': 'biosphere'},

{"input': ('biorefdb', 'TAP'), 'amount': 1.9699999999999998e-05, 'unit':

'kilogram',

'type': 'biosphere'},

{'input': ('biorefdb', 'FEP'), 'amount': -1.09e-05, 'unit': 'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'MEP'), 'amount': =9.62e-07, 'unit': 'kilogram',
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1953
1954
1955
1956
1957
1958
1959
1960
1961

1962
1963

1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982

1983
1984

1985
1986
1987
1988

1989

year', 'type':

'type': 'biosphere'},

{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'cubic meter', 'type':

#Ethanol, without water, in 99.7%
('biorefdb', 'ethanol'): {'name':
'process', 'exchanges': [

{'"input': ('biorefdb',
'type': 'production'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',

'kilobecquerel', 'type':
'"POFPHH'), 'amount': 0.002894092, 'unit':

{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',

'"FFD'), 'amount':

'H20'), 'amount':
'biosphere'}1},

'ethanol',

solution state,

0.064936762, 'unit':

{'input': ('biorefdb', 'TETP'), 'amount': =-0.245432851, 'unit': 'kilogram'
'type': 'biosphere'},

{"input': ('biorefdb', 'FETP'), 'amount': -0.008824007, 'unit': 'kilogram'
'type': 'biosphere'},

{'input': ('biorefdb', 'METP'), 'amount': -0.010750859, 'unit': 'kilogram'
'type': 'biosphere'},

{'"input': ('biorefdb', 'HCTP'), 'amount': -0.001158296, 'unit': 'kilogram'
'type': 'biosphere'},

{'"input': ('biorefdb', 'HNCTP'), 'amount': =-0.075304386, 'unit': 'kilogram
'type': 'biosphere'},

{'input': ('biorefdb', 'LU'), 'amount': =0.034285382, 'unit': 'squaremeter
year', 'type': 'biosphere'},

{'input': ('biorefdb', 'MRD'), 'amount': -0.000216762, 'unit': 'kilogram',
'type': 'biosphere'},

'kilogram',

-0.00019145299999999998, 'unit':

from ethylene {RER}|

'unit': 'kilogram', 'type':

'ethanol'), 'amount': 1.0, 'unit': 'kilogram',

'GWP'), 'amount':
'ODP'), 'amount':
'IR"), 'amount':

'biosphere'},

'"PMF'), 'amount':

'"POFPEQ'), 'amount':

'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb',

'TAP'), 'amount':

'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb',

'FEP'), 'amount':

'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',

{'"input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',

'MEP'), 'amount':

'"TETP'), 'amount':
'"FETP'), 'amount':
'METP'), 'amount':

'HCTP'), 'amount':

1.56029725, 'unit': 'kilogram',

1.35e-07, 'unit': 'kilogram',

-0.028296747, 'unit':

0.000939472, 'unit':

'kilogram',

0.0033342590000000004, 'unit':

0.0027426779999999997, 'unit':

0.0007628789999999999, 'unit':

2.44e-05, 'unit': 'kilogram',

2.123625234, 'unit':
0.008949897, 'unit':
0.017024897, 'unit':

0.034938227, 'unit':

"HNCTP'), 'amount': 0.872764434, 'unit'

'LU'), 'amount':

'biosphere'},

'MRD'), 'amount':

'"FFD'), 'amount':

'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb',

'type': 'biosphere'}l},
# Cooling energy {GLO} |
('biorefdb', 'cooling'): {'name':
'process', 'exchanges': [

{'input': ('biorefdb',
'"type': 'production'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'kilogram',
{'"input': ('biorefdb',

'kilobecquerel', 'type':
'"POFPHH'), 'amount':

{'"input': ('biorefdb',

'H20'"), 'amount':

market for

'cooling',

'cooling'), 'amount': 1.0,

'GWP'), 'amount':

'ODP'), 'amount':

'type': 'biosphere'},

'IR'"), 'amount':
'biosphere'},

-0.009886866, 'unit':

0.00226896, 'unit':

'kilogram',
'kilogram',
'kilogram',
'kilogram',
: 'kilogram'

'squaremeter

'kilogram',

1.0924729359999998, 'unit':

0.014553181, 'unit':

'unit': 'megajoule',

0.148086309, 'unit':

'cubic meter',

'type':

'unit': 'megajoule',

'kilogram',

4.3899999999999996e-08, 'unit':

0.002431879, 'unit':

0.00011507700000000001,

’

’

’

’

market for

'kilogram',

'unit':
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1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024

2025

'kilogram', 'type': 'biosphere'},

129

{'input': ('biorefdb', 'PMF'), 'amount': 7.96e-05, 'unit': 'kilogram',

'type': 'biosphere'},

{"input': ('biorefdb', 'POFPEQ'), 'amount': 0.00012018200000000001, 'unit':

'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'TAP'), 'amount': 0.00012990299999999998, 'unit':

'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'FEP'), 'amount': 2.64e-05, 'unit': 'kilogram',

'type': 'biosphere'},

{'input': ('biorefdb', 'MEP'), 'amount':
'type': 'biosphere'},

{'input': ('biorefdb', 'TETP'), 'amount': 0.301411366, 'unit':
'type': 'biosphere'},

{'input': ('biorefdb', 'FETP'), 'amount': 0.003692393, 'unit':
'type': 'biosphere'},

{"input': ('biorefdb', 'METP'), 'amount': 0.005241192, 'unit':
'type': 'biosphere'},

{'"input': ('biorefdb', 'HCTP'), 'amount': 0.002323112, 'unit':
'type': 'biosphere'},

{'"input': ('biorefdb', 'HNCTP'), 'amount': 0.102585919, 'unit'
'type': 'biosphere'},

{'input': ('biorefdb', 'LU'), 'amount': 0.001201341, 'unit': '
year', 'type': 'biosphere'},

{'input': ('biorefdb', 'MRD'), 'amount':
'type': 'biosphere'},

{"input': ('biorefdb', 'FFD'), 'amount': 0.050946438, 'unit':
'type': 'biosphere'},

0.000364303, 'unit':

1.57e-06, 'unit': 'kilogram',

'kilogram',
'kilogram',
'kilogram',
'kilogram',
: 'kilogram',
squaremeter
'kilogram',

'kilogram',

{'"input': ('biorefdb', 'H20'), 'amount': 0.000699855, 'unit': 'cubic meter',
'type': 'biosphere'}l},
#wastewater from anaerobic digestion of whey {CH}| treatment of, capacity
1E91/year
('biorefdb', 'ww har'): {'name': 'ww_har', 'unit': 'cubic meter',6 'type':
'process', 'exchanges': [
{'input': ('biorefdb', 'ww har'), 'amount': 1.0, 'unit': 'cubic meter',

'type': 'production'},

{"input': ('biorefdb', 'GWP'), 'amount': 20.32592157, 'unit':
'type': 'biosphere'},

{'input': ('biorefdb', 'ODP'), 'amount':
'type': 'biosphere'},

{'"input': ('biorefdb', 'IR'), 'amount': 0.44849766700000004, '
'kilobecquerel', 'type': 'biosphere'},

'kilogram',

4.52e-05, 'unit': 'kilogram',

unit':

{'"input': ('biorefdb', 'POFPHH'), 'amount': 0.029642882000000002, 'unit':

'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'PMF'), 'amount': 0.008842205, 'unit':
'type': 'biosphere'},

'kilogram',

'kilogram',

'kilogram',

{'input': ('biorefdb', 'POFPEQ'), 'amount': 0.030070711, 'unit': 'kilogram',
'type': 'biosphere'},

{"input': ('biorefdb', 'TAP'), 'amount': 0.040892915, 'unit':

'type': 'biosphere'},

{"input': ('biorefdb', 'FEP'), 'amount': 0.090838881, 'unit':

'type': 'biosphere'},

{'"input': ('biorefdb', 'MEP'), 'amount': 0.185435297, 'unit':
'type': 'biosphere'},
{'input': ('biorefdb', 'TETP'), 'amount': 30.79150239, 'unit':
'type': 'biosphere'},
{'input': ('biorefdb', 'FETP'), 'amount': 0.320852247, 'unit':
'type': 'biosphere'},

{"input': ('biorefdb', 'METP'), 'amount': 0.434904054, 'unit':
'type': 'biosphere'},

{"input': ('biorefdb', 'HCTP'), 'amount': -0.326284311, 'unit'
'type': 'biosphere'},

{'"input': ('biorefdb', 'HNCTP'), 'amount': 7.27153051, 'unit':
'type': 'biosphere'},

{'input': ('biorefdb', 'LU'), 'amount': 0.282044226, 'unit': '
year', 'type': 'biosphere'},

{'"input': ('biorefdb', 'MRD'), 'amount': 0.135825883, 'unit':
'type': 'biosphere'},
{"input': ('biorefdb', 'FFD'), 'amount': 1.302806741, 'unit':
'type': 'biosphere'},
{"input': ('biorefdb', 'H20'), 'amount': -0.860724387, 'unit':
meter', 'type': 'biosphere'}l},

#Chemical factory, organics {GLO}| market for

'kilogram',
'kilogram',
'kilogram',
'kilogram',

: 'kilogram',
'kilogram',

squaremeter

'kilogram',

'kilogram',

'cubic
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2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045

2046
2047

2048
2049
2050
2051
2052
2053
2054
2055
2056
2057
2058
2059
2060
2061

2062

('biorefdb',
'exchanges':
{'input'

'production'},

{'input'
'type':
{'input'
'type':
{'input’

'kilobecquerel',

{'input'
'type':
{'input'
'type':
{'input'
'type':
{'input'

'kilogram',

{'input': ('biorefdb', 'FEP'), 'amount': 400235.6212, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'MEP'), 'amount': 20118.51368, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'TETP'), 'amount': 6367958232.0, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FETP'), 'amount': 61895857.19, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'METP'), 'amount': 88013243.58, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'HCTP'), 'amount': 30734424.15, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'HNCTP'), 'amount': 2189105319.0, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'LU'), 'amount': 25599356.64, 'unit': 'squaremeter
year', 'type': 'biosphere'},
{"input': ('biorefdb', 'MRD'), 'amount': 6846395.706, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'FFD'), 'amount': 37843582.45, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'H20'), 'amount': 1855436.5, 'unit': 'cubic meter',
'type': 'biosphere'}l},
#Enzymes {GLO}| market for enzymes
('biorefdb', 'enzymes'): {'name': 'enzymes', 'unit': 'kilogram',6 'type':
'process', 'exchanges': [
{'input': ('biorefdb', 'enzymes'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'production'},
{'"input': ('biorefdb', 'GWP'), 'amount': 6.296996917, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'ODP'), 'amount': 2.9600000000000005e-05, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'IR'), 'amount': 0.523030929, 'unit':
'kilobecquerel', 'type': 'biosphere'},
{'"input': ('biorefdb', 'POFPHH'), 'amount': 0.014013562, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'PMF'), 'amount': 0.011925445, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'POFPEQ'), 'amount': 0.014345896, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'TAP'), 'amount': 0.032129616, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'FEP'), 'amount': 0.003219702, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'MEP'), 'amount': 0.007980136, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'TETP'), 'amount': 40.96757371, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FETP'), 'amount': 0.374935794, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'METP'), 'amount': 0.552888655, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'HCTP'), 'amount': 0.210816313, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'HNCTP'), 'amount': 19.72256277, 'unit': 'kilogram'

'factory'): {'name': 'factory', 'unit': 'piece', 'type': 'process',
[
: ('biorefdb', 'factory'), 'amount': 1.0, 'unit': 'piece', 'type':
: ('biorefdb', 'GWP'), 'amount': 161325303.7, 'unit': 'kilogram',
'biosphere'},
: ('biorefdb', 'ODP'), 'amount': 92.41618267, 'unit': 'kilogram',
'biosphere'},
: ('biorefdb', 'IR'"), 'amount': 6334595.857000001, 'unit':

'type': 'biosphere'},
: ('biorefdb', 'POFPHH'), 'amount': 443211.6364, 'unit': 'kilogram',
'biosphere'},
: ('biorefdb', 'PMF'), 'amount': 330038.917, 'unit': 'kilogram',
'biosphere'},
: ('biorefdb', 'POFPEQ'), 'amount': 456327.8635, 'unit': 'kilogram',
'biosphere'},
: ('biorefdb', 'TAP'), 'amount': 79006.31407000001, 'unit':

'type':

'biosphere'},
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2063
2064
2065
2066

2067
2068

2069
2070
2071
2072
2073
2074
2075
2076
20717
2078
2079
2080
2081
2082
2083
2084
2085
2086
2087

2088
2089

2090
2091
2092
2093
2094
2095
2096
2097
2098

2099

'type': 'biosphere'},

input': iore , 'LU'"), 'amount':
{l' P v (vb fdb' v v) v v
year', 'type': 'biosphere'},
{'"input': ('biorefdb', 'MRD'), 'amount':
'type': 'biosphere'},
{'input': ('biorefdb', 'FFD'), 'amount':
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5.74652368, 'unit': 'squaremeter
0.032285844, 'unit': 'kilogram',

1.72119936, 'unit': 'kilogram',

'type': 'biosphere'},
{'input': ('biorefdb', 'H20'), 'amount': 0.082586618, 'unit': 'cubic meter',
'type': 'biosphere'}l},
#Ammonium sulfate, as N {GLO}| market for
('biorefdb', '(NH4)2S04'): {'name': '(NH4)2S04', 'unit': 'kilogram', 'type':
'process', 'exchanges': [
{'input': ('biorefdb', '(NH4)2S04'), 'amount': 1.0, 'unit': 'kilogram',

'type': 'production'},

{'input': ('biorefdb', 'GWP'), 'amount':
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'ODP'), 'amount':
'type': 'biosphere'},

{'input': ('biorefdb', 'IR'), 'amount':
'kilobecquerel', 'type': 'biosphere'},

3.9166014860000002, 'unit':
9.56e-07, 'unit': 'kilogram',

-0.414434804, 'unit':

{'input': ('biorefdb', 'POFPHH'), 'amount': 0.004723794, 'unit': 'kilogram',

'type': 'biosphere'},
{'"input': ('biorefdb', 'PMF'), 'amount':

0.003349216, 'unit': 'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'POFPEQ'), 'amount': 0.00493708, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'TAP'), 'amount': 0.005729025, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'FEP'), 'amount': 0.001541649, 'unit': 'kilogram',

'type': 'biosphere'},

{'input': ('biorefdb', 'MEP'), 'amount':
'type': 'biosphere'},

{'"input': ('biorefdb', 'TETP'), 'amount'
'type': 'biosphere'},

{'input': ('biorefdb', 'FETP'), 'amount'
'type': 'biosphere'},

{'input': ('biorefdb', 'METP'), 'amount'
'type': 'biosphere'},

{'input': ('biorefdb', 'HCTP'), 'amount'
'kilogram', 'type': 'biosphere'},

8.13e-05, 'unit': 'kilogram',

: 10.17854414, 'unit': 'kilogram',
: 0.018404289, 'unit': 'kilogram',
: 0.050618932, 'unit': 'kilogram',

: 0.09096229900000001, 'unit':

{'input': ('biorefdb', 'HNCTP'), 'amount': 4.076291278999999, 'unit':

'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'LU'), 'amount':
year', 'type': 'biosphere'},

{'input': ('biorefdb', 'MRD'), 'amount':
'type': 'biosphere'},

{'input': ('biorefdb', 'FFD'), 'amount':
'type': 'biosphere'},

0.043661984, 'unit': 'squaremeter
0.01075181, 'unit': 'kilogram',

1.343235775, 'unit': 'kilogram',

{'input': ('biorefdb', 'H20'), 'amount': 0.025721355, 'unit': 'cubic meter',
'type': 'biosphere'}l},
#Isopropanol {RER}| market for isopropanol
('biorefdb', 'isopropanol'): {'name': 'isopropanol', 'unit': 'kilogram',6 'type':
'process', 'exchanges': [
{'input': ('biorefdb', 'isopropanol'), 'amount': 1.0, 'unit': 'kilogram',

'type': 'production'},

{'input': ('biorefdb', 'GWP'), 'amount':
'type': 'biosphere'},

{'input': ('biorefdb', 'ODP'), 'amount':
'type': 'biosphere'},

{'input': ('biorefdb', 'IR'), 'amount':
'kilobecquerel', 'type': 'biosphere'},

2.169168902, 'unit': 'kilogram',
2.5e-07, 'unit': 'kilogram',

0.011198045, 'unit':

{'input': ('biorefdb', 'POFPHH'), 'amount': 0.0038463390000000003, 'unit':

'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'PMF'), 'amount':
'type': 'biosphere'},

{"input':
'type': 'biosphere'},

{'input': ('biorefdb', 'TAP'), 'amount':
'type': 'biosphere'},

{'input': ('biorefdb', 'FEP'), 'amount':
'type': 'biosphere'},

{'input': ('biorefdb', 'MEP'), 'amount':

('biorefdb', 'POFPEQ'), 'amount':

0.002066798, 'unit': 'kilogram',
0.004434227, 'unit': 'kilogram',
0.005395626, 'unit': 'kilogram',
0.000376951, 'unit': 'kilogram',

2.22e-05, 'unit': 'kilogram',



Appendix B

2100
2101
2102
2103
2104
2105
2106
2107
2108

2109
2110

2111
2112
2113
2114
2115
2116
2117
2118
2119
2120
2121
2122
2123
2124
2125
2126
2127
2128
2129

2130
2131

2132
2133

2134
2135

2136
2137

'type': 'biosphere'},
{'input': ('biorefdb', 'TETP'), 'amount': 4.749488885
'type': 'biosphere'},

132

, 'unit': 'kilogram',

{"input': ('biorefdb', 'FETP'), 'amount': 0.030568757000000002, 'unit':

'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'METP'), 'amount': 0.045422647999999996, 'unit':

'kilogram', 'type': 'biosphere'},

{"input': ('biorefdb', 'HCTP'), 'amount': 0.038111464
'type': 'biosphere'},

{'input': ('biorefdb', 'HNCTP'), 'amount':
'type': 'biosphere'},

{'"input': ('biorefdb', 'LU'), 'amount': 0.013328415,
year', 'type': 'biosphere'},

{'"input': ('biorefdb', 'MRD'), 'amount': 0.003405435,
'type': 'biosphere'},

{"input': ('biorefdb', 'FFD'), 'amount': 1.367379797,
'type': 'biosphere'},

{'"input': ('biorefdb', 'H20'), 'amount': 0.018076459,
'type': 'biosphere'}l},

#Wastewater, average {Europe without Switzerland}| market
('biorefdb', 'ww dl'): {'name':
'process', 'exchanges': [

{'input': ('biorefdb', 'ww dl'), 'amount': 1.0, 'unit
'type': 'production'},
{'"input': ('biorefdb', 'GWP'), 'amount': 0.491133658,
'type': 'biosphere'},

{'input':
'type': 'biosphere'},

{'input': ('biorefdb', 'IR'), 'amount': 0.017610043,
'kilobecquerel', 'type': 'biosphere'},
{'"input': ('biorefdb', 'POFPHH'), 'amount':
'kilogram', 'type': 'biosphere'},

, 'unit': 'kilogram',

1.186796363, 'unit': 'kilogram',

'unit': 'squaremeter

'unit': 'kilogram',
'unit': 'kilogram',
'unit': 'cubic meter',

for wastewater, average

'ww_dl', 'unit': 'cubic meter', 'type':

': 'cubic meter',

'unit': 'kilogram',

('biorefdb', 'ODP'), 'amount': 1.43e-06, 'unit': 'kilogram',

'unit':

0.0017711970000000002, 'unit':

{'"input': ('biorefdb', 'PMF'), 'amount': 0.001420767, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'POFPEQ'), 'amount': 0.00182678, 'unit': 'kilogram',
'type': 'biosphere'},

{"input': ('biorefdb', 'TAP'), 'amount': 0.0034705709999999996, 'unit':

'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'FEP'), 'amount': 0.001106749,
'type': 'biosphere'},

{"input': ('biorefdb', 'MEP'), 'amount': 0.005795862,
'type': 'biosphere'},
{'input': ('biorefdb', 'TETP'), 'amount': 2.459676588
'type': 'biosphere'},

{"input': ('biorefdb', 'FETP'), 'amount': 0.037998104
'type': 'biosphere'},
{'"input': ('biorefdb', 'METP'), 'amount': 0.051588342
'type': 'biosphere'},

'unit': 'kilogram',

'unit': 'kilogram',
, 'unit': 'kilogram',
, 'unit': 'kilogram',
, 'unit': 'kilogram',
, 'unit': 'kilogram',
'unit': 'squaremeter
'kilogram',

'unit':

'unit': 'kilogram',

{'"input': ('biorefdb', 'HCTP'), 'amount': 0.080949175

'type': 'biosphere'},

{'input': ('biorefdb', 'HNCTP'), 'amount': 2.900621667, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'LU'), 'amount': 0.031182364,

year', 'type': 'biosphere'},

{"input': ('biorefdb', 'MRD'), 'amount': 0.013125474,

'type': 'biosphere'},

{"input': ('biorefdb', 'FFD'), 'amount': 0.106659746,

'type': 'biosphere'},

{'input': ('biorefdb', 'H20'), 'amount': =0.895042907

meter', 'type': 'biosphere'}l},
# Foreground system
('biorefdb', 'commonpath'):
'process', 'exchanges': [

# Algae biomass, dry mass

{'"input': ('biorefdb', 'commonpath'), 'amount': 1.0,

'type': 'production'},

# Water required for cultivation

{'name': 'commonpath', 'unit'

, 'unit': 'cubic

: 'kilogram',

'type':

'unit': 'kilogram',

{'"input': ('biorefdb', 'water'), 'amount': 0.0, 'unit': 'kilogram', 'type':

'technosphere'},

# CO2 required for cultivation

{'"input': ('biorefdb', 'C02'), 'amount': 4.0, 'unit':
'technosphere'},

'kilogram', 'type':



Appendix B

2138
2139

2140
2141

2142
2143

2144
2145

2146
2147

2148
2149

2150
2151

2152
2153

2154
2155

2156
2157

2158

2159
2160

2161
2162

2163
2164

2165
2166

2167
2168

2169
2170

2171
2172

2173
2174

2175
2176

2177
2178

2179
2180

2181
2182

2183
2184

2185

# Urea as N-source required for cultivation

{'input': ('biorefdb', 'urea'), 'amount': 0.1, 'unit': 'kilogram', 'type':
'technosphere'},

# P-fertilizer required for cultivation

{'input': ('biorefdb', 'p-fertilizer'), 'amount': 0.025, 'unit':
'kilogram', 'type': 'technosphere'},

# Electricity required for cultivation

{'input': ('biorefdb', 'electricity'), 'amount': 30.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for cultivation

{'"input': ('biorefdb', 'heat'), 'amount': 1000.0, 'unit': 'megajoule',
'type': 'technosphere'},

# Electricity required for harvesting

{'input': ('biorefdb', 'electricity'), 'amount': 0.1, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Water required for dilution

{'input': ('biorefdb', 'water'), 'amount': 5.0, 'unit': 'kilogram', 'type':
'technosphere'},

# Electricity required for cell disruption

{'input': ('biorefdb', 'electricity'), 'amount': 50.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},
# Electricity required for centrifugation
{'"input': ('biorefdb', 'electricity'), 'amount': 0.01, 'unit': 'kilowatt
hour', 'type': 'technosphere'},
# Wastewater after harvesting, including excess nutrients
{'input': ('biorefdb', 'ww dl'), 'amount': 0.0095, 'unit': 'cubic meter’',
'type': 'technosphere'},
# CO2 emissions of cultivation stage
{'input': ('biorefdb', 'GWP'), 'amount': 2.0, 'unit': 'kilogram', 'type':
'biosphere'}1},
('biorefdb', 'pathAl'): {'name': 'pathAl', 'unit': 'kilogram', 'type':
'process', 'exchanges': [

# Reference flow: treated algae biomass, dry mass

{'input': ('biorefdb', 'pathAl'), 'amount': 1.0, 'unit': 'kilogram',6 'type':

'production'},
# Cultivated algae biomass, dry mass

{'input': ('biorefdb', 'commonpath'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'technosphere'},

# Solvent required for lipid extraction (PathA)

{'input': ('biorefdb', 'ethanol'), 'amount': 0.1, 'unit': 'cubic meter',
'type': 'technosphere'},

# Electricity required for solvent extraction (PathA)

{'"input': ('biorefdb', 'electricity'), 'amount': 0.0192, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for solvent extraction (PathA)

{'"input': ('biorefdb', 'heat'), 'amount': 46753.0, 'unit': 'megajoule',
'type': 'technosphere'},

# Electricity required for centrifugation (PathA)

{'input': ('biorefdb', 'electricity'), 'amount': 0.103, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Electricity required for evaporation of solvent (PathA)

{'input': ('biorefdb', 'electricity'), 'amount': 43475.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for evaporation of solvent (PathA)

{'input': ('biorefdb', 'heat'), 'amount': 33.6, 'unit': 'megajoule', 'type':

'technosphere'},
# Electricity required for condensation of solvent (PathA)

{'"input': ('biorefdb', 'electricity'), 'amount': 43475.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Cooling energy required for condensation of solvent (PathA)

{'input': ('biorefdb', 'cooling'), 'amount': 33.6, 'unit': 'megajoule',
'type': 'technosphere'},

# Extracted lipids (PathA)

{'input': ('biorefdb', 'lipidsA'), 'amount': 0.104, 'unit': 'kilogram',
'type': 'biosphere'},

# Protein-rich residue (PathA)

{'input': ('biorefdb', 'proteinsA'), 'amount': 0.537, 'unit': 'kilogram',
'type': 'biosphere'},

# Electricity required for ultrafiltration (Pathl)

{'"input': ('biorefdb', 'electricity'), 'amount': 0.028, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Water required for diafiltration (Pathl)
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2186

2187
2188

2189
2190

2191
2192

2193
2194

2195
2196

2197
2198

2199
2200

2201
2202

2203

2204
2205

2206
2207

2208
2209

2210
2211

2212
2213

2214
2215

2216
2217

2218
2219

2220
2221

2222
2223

2224
2225

2226
2227

2228
2229

2230
2231

2232
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{'"input': ('biorefdb', 'water'), 'amount': 49.8, 'unit': 'kilogram',6 'type':
'technosphere'},

# Electricity required for diafiltration (Pathl)

{'"input': ('biorefdb', 'electricity'), 'amount': 0.0187, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Extracted polysaccarides (Pathl)

{'input': ('biorefdb', 'polysaccharidesl'), 'amount': 0.205, 'unit':

'kilogram', 'type': 'biosphere'},

# Extracted proteins (Pathl)

{'input': ('biorefdb', 'proteinsl'), 'amount': 0.154, 'unit': 'kilogram',
'type': 'biosphere'},

# Infrstructure of biorefinery (PathAl)

{'input': ('biorefdb', 'factory'), 'amount': 4e-10, 'unit': 'piece', 'type':

'technosphere'},
# Land occupation of biorefinery (PathAl)

{'"input': ('biorefdb', 'occupation'), 'amount': 1.0, 'unit': 'squaremeter
year', 'type': 'biosphere'},
# Landtransformation of biorefinery (PathAl)
{'input': ('biorefdb', 'transformation'), 'amount': 0.05, 'unit':
'squaremeter', 'type': 'biosphere'},
# Electricity required for drying (PathAl)
{'input': ('biorefdb', 'electricity'), 'amount': 43589.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},
# Heat required for drying (PathAl)
{'input': ('biorefdb', 'heat'), 'amount': 45.0, 'unit': 'megajoule', 'type':
'technosphere'}]},
('biorefdb', 'pathA2'): {'name': 'pathA2', 'unit': 'kilogram',6 'type':
'process', 'exchanges': [

# Reference flow: treated algae biomass, dry mass

{'input': ('biorefdb', 'pathA2'), 'amount': 1.0, 'unit': 'kilogram',6 'type':
'production'},

# Cultivated algae biomass, dry mass

'input': 'biorefdb', 'commonpath'), 'amount': 1.0, 'unit': 'kilogram',

P p g

'type': 'technosphere'},

# Solvent required for lipid extraction (PathA)

{'input': ('biorefdb', 'ethanol'), 'amount': 0.1, 'unit': 'cubic meter',
'type': 'technosphere'},

# Electricity required for solvent extraction (PathA)

{'input': ('biorefdb', 'electricity'), 'amount': 0.0192, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for solvent extraction (PathA)

{'"input': ('biorefdb', 'heat'), 'amount': 46753.0, 'unit': 'megajoule',
'type': 'technosphere'},

# Electricity required for centrifugation (PathA)

{'input': ('biorefdb', 'electricity'), 'amount': 0.103, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Electricity required for evaporation of solvent (PathA)

{'"input': ('biorefdb', 'electricity'), 'amount': 43475.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for evaporation of solvent (PathA)

{'input': ('biorefdb', 'heat'), 'amount': 33.6, 'unit': 'megajoule', 'type':

'technosphere'},
# Electricity required for condensation of solvent (PathA)

{'input': ('biorefdb', 'electricity'), 'amount': 43475.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Cooling energy required for condensation of solvent (PathA)

{'input': ('biorefdb', 'cooling'), 'amount': 33.6, 'unit': 'megajoule',
'type': 'technosphere'},

# Extracted lipids (PathA)

{'input': ('biorefdb', 'lipidsA'), 'amount': 0.104, 'unit': 'kilogram',
'type': 'biosphere'},

# Protein-rich residue (PathA)

{'"input': ('biorefdb', 'proteinsA'), 'amount': 0.537, 'unit': 'kilogram',
'type': 'biosphere'},

# Water required for TPP (Path2) - optional, only if biomass content is
higher 3.75%

{'input': ('biorefdb', 'water'), 'amount': 0.925, 'unit': 'kilogram',
'type': 'technosphere'},

# Enzymes required for TPP (Path2)

{'input': ('biorefdb', 'enzymes'), 'amount': 0.016, 'unit': 'kilogram',
'type': 'technosphere'},

# Ammonium sulphate required for TPP (Path2)
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{'input': ('biorefdb', '(NH4)2S04'), 'amount': 0.4, 'unit': 'kilogram',
'type': 'technosphere'},

# Isopropanol required for TPP (Path2)

{'"input': ('biorefdb', 'isopropanol'), 'amount': 1.572, 'unit': 'kilogram',
'type': 'technosphere'},

# Electricity required for TPP (Path2)

{'input': ('biorefdb', 'electricity'), 'amount': 0.0108, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Water required for dialysis (Path2)

{'input': ('biorefdb', 'water'), 'amount': 10.0, 'unit': 'kilogram',6 'type':

'technosphere'},
# Electricity required for dialysis (Path2)

{'input': ('biorefdb', 'electricity'), 'amount': 0.6, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Wastewater from dialysis (Path2)

{'input': ('biorefdb', 'ww dl'), 'amount': 1.0, 'unit': 'cubic meter',
'type': 'technosphere'},

# Extracted polysaccarides (Path2)

{'input': ('biorefdb', 'polysaccharides2'), 'amount': 0.0556, 'unit':
'kilogram', 'type': 'biosphere'},

# Extracted proteins (Path2)

{'input': ('biorefdb', 'proteins2'), 'amount': 0.182, 'unit': 'kilogram',
'type': 'biosphere'},

# Infrstructure of biorefinery (PathA2)

{'input': ('biorefdb', 'factory'), 'amount': 4e-10, 'unit': 'piece', 'type':

'technosphere'},
# Land occupation of biorefinery (PathA2)

{'input': ('biorefdb', 'occupation'), 'amount': 1.0, 'unit': 'squaremeter
year', 'type': 'biosphere'},

# Landtransformation of biorefinery (PathA2)

{'input': ('biorefdb', 'transformation'), 'amount': 0.05, 'unit':
'squaremeter', 'type': 'biosphere'},

# Electricity required for drying (PathA2)

{'input': ('biorefdb', 'electricity'), 'amount': 43589.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for drying (PathA2)

{'input': ('biorefdb', 'heat'), 'amount': 45.0, 'unit': 'megajoule', 'type':
'technosphere'},

# Electricity required for centrifugation before (TPP) -optional, only if
biomass content is below 3%

{'input': ('biorefdb', 'electricity'), 'amount': 0.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Wastewater of centrifugation before (TPP) -optional, only if biomass
content is below 3%

{'input': ('biorefdb', 'ww dl'), 'amount': 0.0, 'unit': 'cubic meter',
'type': 'technosphere'}l},
('biorefdb', 'pathBl'): {'name': 'pathBl', 'unit': 'kilogram', 'type':
'process', 'exchanges': [

# Reference flow: treated algae biomass, dry mass

{'"input': ('biorefdb', 'pathBl'), 'amount': 1.0, 'unit': 'kilogram',6 'type':

'production'},
# Cultivated algae biomass, dry mass

{'input': ('biorefdb', 'commonpath'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'technosphere'},

# Ethanol required for SC-CO2 Extraction (PathB)

{'"input': ('biorefdb', 'ethanol'), 'amount': 0.128, 'unit': 'kilogram',
'type': 'technosphere'},

# Electricity required for SC-CO2 Extraction (PathB)

{'input': ('biorefdb', 'electricity'), 'amount': 0.641, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Electricity required for evaporation of ethanol (PathB)

{'input': ('biorefdb', 'electricity'), 'amount': 16862.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for evaporation of ethanol (PathB)

{'input': ('biorefdb', 'heat'), 'amount': 43536.0, 'unit': 'megajoule',
'type': 'technosphere'},

# Electricity required for condensation of ethanol (PathB)

{'"input': ('biorefdb', 'electricity'), 'amount': 16862.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Cooling energy required for condensation of ethanol (PathB)

{'input': ('biorefdb', 'cooling'), 'amount': 43536.0, 'unit': 'megajoule',

'type': 'technosphere'},
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# Extracted lipids (PathB)

{'input': ('biorefdb', 'lipidsB'), 'amount': 0.104, 'unit': 'kilogram',
'type': 'biosphere'},

# # Protein-rich residue (PathB)

{'input': ('biorefdb', 'proteinsB'), 'amount': 0.512, 'unit': 'kilogram',
'type': 'biosphere'},

# Electricity required for ultrafiltration (Pathl)

{'input': ('biorefdb', 'electricity'), 'amount': 0.028, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Water required for diafiltration (Pathl)

{'input': ('biorefdb', 'water'), 'amount': 49.8, 'unit': 'kilogram',6 'type':

'technosphere'},

# Electricity required for diafiltration (Pathl)

{'input': ('biorefdb', 'electricity'), 'amount': 0.0187, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Extracted polysaccarides (Pathl)

{'input': ('biorefdb', 'polysaccharidesl'), 'amount': 0.205, 'unit':

'kilogram', 'type': 'biosphere'},

# Extracted proteins (Pathl)

{'input': ('biorefdb', 'proteinsl'), 'amount': 0.154, 'unit': 'kilogram',
'type': 'biosphere'},

# Infrstructure of biorefinery (PathBl)

{'input': ('biorefdb', 'factory'), 'amount': 4e-10, 'unit': 'piece', 'type':

'technosphere'},
# Land occupation of biorefinery (PathBl)

{'input': ('biorefdb', 'occupation'), 'amount': 1.0, 'unit': 'squaremeter
year', 'type': 'biosphere'},
# Landtransformation of biorefinery (PathBl)
{'input': ('biorefdb', 'transformation'), 'amount': 0.05, 'unit':
'squaremeter', 'type': 'biosphere'},
# Electricity required for drying (PathBl)
{'input': ('biorefdb', 'electricity'), 'amount': 43589.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},
# Heat required for drying (PathBl)
{'input': ('biorefdb', 'heat'), 'amount': 45.0, 'unit': 'megajoule', 'type':
'technosphere'}l},
('biorefdb', 'pathB2'): {'name': 'pathB2', 'unit': 'kilogram', 'type':
'process', 'exchanges': [

# Reference flow: treated algae biomass, dry mass

{'input': ('biorefdb', 'pathB2'), 'amount': 1.0, 'unit': 'kilogram',6 'type':
'production'},

# Cultivated algae biomass, dry mass

{'"input': ('biorefdb', 'commonpath'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'technosphere'},

# Ethanol required for SC-CO2 Extraction (PathB)

{'input': ('biorefdb', 'ethanol'), 'amount': 0.128, 'unit': 'kilogram',
'type': 'technosphere'},

# Electricity required for SC-CO2 Extraction (PathB)

{'"input': ('biorefdb', 'electricity'), 'amount': 0.641, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Electricity required for evaporation of ethanol (PathB)

{'input': ('biorefdb', 'electricity'), 'amount': 16862.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for evaporation of ethanol (PathB)

{'"input': ('biorefdb', 'heat'), 'amount': 43536.0, 'unit': 'megajoule',
'type': 'technosphere'},

# Electricity required for condensation of ethanol (PathB)

{'"input': ('biorefdb', 'electricity'), 'amount': 16862.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Cooling energy required for condensation of ethanol (PathB)

{'input': ('biorefdb', 'cooling'), 'amount': 43536.0, 'unit': 'megajoule',
'type': 'technosphere'},

# Extracted lipids (PathB)

{'input': ('biorefdb', 'lipidsB'), 'amount': 0.104, 'unit': 'kilogram',
'type': 'biosphere'},

# # Protein-rich residue (PathB)

{'input': ('biorefdb', 'proteinsB'), 'amount': 0.512, 'unit': 'kilogram',
'type': 'biosphere'},

# Water required for TPP (Path2) - optional, only if biomass content is
higher 3.75%

{'input': ('biorefdb', 'water'), 'amount': 0.925, 'unit': 'kilogram',

'type': 'technosphere'},
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# Enzymes required for TPP (Path2)

{'input': ('biorefdb', 'enzymes'), 'amount': 0.016, 'unit': 'kilogram',
'type': 'technosphere'},

# Ammonium sulphate required for TPP (Path2)

{'input': ('biorefdb', '(NH4)2S04'), 'amount': 0.4, 'unit': 'kilogram',
'type': 'technosphere'},

# Isopropanol required for TPP (Path2)

{'input': ('biorefdb', 'isopropanol'), 'amount': 1.572, 'unit': 'kilogram',
'type': 'technosphere'},

# Electricity required for TPP (Path2)

{'input': ('biorefdb', 'electricity'), 'amount': 0.0108, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Water required for dialysis (Path2)

{'input': ('biorefdb', 'water'), 'amount': 10.0, 'unit': 'kilogram',6 'type':

'technosphere'},
# Electricity required for dialysis (Path2)

{'input': ('biorefdb', 'electricity'), 'amount': 0.6, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Wastewater from dialysis (Path2)

{'input': ('biorefdb', 'ww dl'), 'amount': 1.0, 'unit': 'cubic meter',
'type': 'technosphere'},

# Extracted polysaccarides (Path?2)

{'"input': ('biorefdb', 'polysaccharides2'), 'amount': 0.0556, 'unit':
'kilogram', 'type': 'biosphere'},

# Extracted proteins (Path2)

{'"input': ('biorefdb', 'proteins2'), 'amount': 0.182, 'unit': 'kilogram',
'type': 'biosphere'},

# Infrstructure of biorefinery (PathB2)

{'input': ('biorefdb', 'factory'), 'amount': 4e-10, 'unit': 'piece',6 'type':

'technosphere'},
# Land occupation of biorefinery (PathB2)

{'input': ('biorefdb', 'occupation'), 'amount': 1.0, 'unit': 'squaremeter
year', 'type': 'biosphere'},

# Landtransformation of biorefinery (PathB2)

{'"input': ('biorefdb', 'transformation'), 'amount': 0.05, 'unit':
'squaremeter', 'type': 'biosphere'},

# Electricity required for drying (PathB2)

{'"input': ('biorefdb', 'electricity'), 'amount': 43589.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for drying (PathB2)

{'"input': ('biorefdb', 'heat'), 'amount': 45.0, 'unit': 'megajoule', 'type':

'technosphere'},
# Electricity required for centrifugation before (TPP) -optional, only if
biomass content is below 3%
{'input': ('biorefdb', 'electricity'), 'amount': 0.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},
# Wastewater of centrifugation before (TPP) -optional, only if biomass
content is below 3%
{'input': ('biorefdb', 'ww dl'), 'amount': 0.0, 'unit': 'cubic meter',
'type': 'technosphere'}l},
# Reference products with names of datasets in ecoinvent 3.5 consequential
# Non-ionic surfactant {GLO}| non-ionic surfactant production, ethylene oxide
derivate

('biorefdb', 'surfactant'): {'name': 'surfactant', 'unit': 'kilogram',6 'type':
'process', 'exchanges': [
{'input': ('biorefdb', 'surfactant'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'production'},
{'"input': ('biorefdb', 'GWP'), 'amount': 3.573787608, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'ODP'), 'amount': 6.35e-06, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'IR'), 'amount': 0.167546602, 'unit':
'kilobecquerel', 'type': 'biosphere'},
{'input': ('biorefdb', 'POFPHH'), 'amount': 0.008373130999999999, 'unit':
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'PMF'), 'amount': 0.004082067, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'POFPEQ'), 'amount': 0.01002317, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'TAP'), 'amount': 0.009541993, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'FEP'), 'amount': 0.000876223, 'unit': 'kilogram',
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'type': 'biosphere'},

{'input':

('biorefdb', 'MEP'),

'type': 'biosphere'},

{"input':
'type':
{"input':
'kilogram
{'input':
'type':
{'input':

('biorefdb', 'TETP')

'biosphere'},

('biorefdb', 'FETP')

'amount': 0.002523184, 'unit': 'kilogram',
, 'amount': 9.711496295, 'unit': 'kilogram',

, 'amount': 0.19278824100000003, 'unit':

', 'type': 'biosphere'},

('biorefdb', 'METP')

'biosphere'},

('biorefdb', 'HCTP')

'type': 'biosphere'},

{'input':

('biorefdb', 'HNCTP'

'type': 'biosphere'},

{"input':

year', 'type':

{"input':
'kilogram
{'"input':
'type':
{'input':

('biorefdb', 'LU"),
'biosphere'},
('biorefdb', 'MRD'),

, 'amount': 0.176157037, 'unit': 'kilogram',

, 'amount': 0.108211368, 'unit': 'kilogram',
), 'amount': 4.003204053, 'unit': 'kilogram',
'amount': 1.630109553, 'unit': 'squaremeter

'amount': 0.013519456000000001, 'unit':

', 'type': 'biosphere'},

('biorefdb', 'FFD'),

'biosphere'},

('biorefdb', 'H20'),

'type': 'biosphere'}l},
# Protein feed, 100% crude {GLO}|

('biorefdb"',
'type':
{'input':

{'input':
'kilogram
{"input':

'protein feed'):

'amount': 1.58879178, 'unit': 'kilogram',
'amount': 0.23974453, 'unit': 'cubic meter',

market for

{'name': 'protein feed', 'unit': 'kilogram',
'process', 'exchanges': [ -

('biorefdb', 'protein feed'), 'amount': 1.0, 'unit': 'kilogram',
'"type': 'production'},

('biorefdb', 'GWp'),

'amount': 7.3135696370000005, 'unit':

', 'type': 'biosphere'},

('biorefdb', 'ODP'),

'type': 'biosphere'},

{'input':

'kilobecquerel', 'type':

{"input':
'kilogram
{'input':
'type':
{'input':

{'input':

('biorefdb', 'IR'"),

'amount': =7.67e-06, 'unit': 'kilogram',

"amount': =0.023477968, 'unit':

'biosphere'},

('biorefdb', 'POFPHH'), 'amount': 0.0015728839999999999, 'unit':
', 'type': 'biosphere'},

('biorefdb', '"PMF'),

'biosphere'},

'amount': 0.004774945, 'unit': 'kilogram',

('biorefdb', 'POFPEQ'), 'amount': 0.002542415, 'unit': 'kilogram',
'type': 'biosphere'},

('biorefdb', 'TAP'),

'type': 'biosphere'},

{"input':
'kilogram
{"input':
'kilogram
{'input':
'kilogram
{'input':
'kilogram
{'input':

('biorefdb', 'FEP'),

', 'type': 'biosphere',

('biorefdb', 'MEP'),

'amount': =-0.007876243, 'unit': 'kilogram',

'amount': 0.00010248100000000001, 'unit':
'output': ('biorefdb', 'protein feed')},
'amount': -0.0038912559999999996, 'unit':

', 'type': 'biosphere'},

('biorefdb', 'TETP')

, 'amount': -1.6105240980000002, 'unit':

', 'type': 'biosphere'},

('biorefdb', 'FETP')

, 'amount': 0.025934677000000003, 'unit':

', 'type': 'biosphere'},

('biorefdb', 'METP')

'type': 'biosphere'},

{"input':
'type':
{"input':
'kilogram
{'input':

year', 'type':

{'input':

('biorefdb', 'HCTP')

'biosphere'},

('biorefdb', 'HNCTP'

, 'amount': =-0.036448784, 'unit': 'kilogram',
, 'amount': -0.016538496, 'unit': 'kilogram',

), 'amount': =-3.9890310610000004, 'unit':

', 'type': 'biosphere'},

('biorefdb', 'LU"),
'biosphere'},
('biorefdb', 'MRD'),

'type': 'biosphere'},

{'input':

('biorefdb', 'FFD'),

'type': 'biosphere'},

{"input':

('biorefdb', 'H20'),

meter', 'type': 'biosphere'}]l}

# Energy feed

, gross {GLO} |

'amount': 8.89736254, 'unit': 'squaremeter
'amount': -0.008187308, 'unit': 'kilogram',
'amount': 0.056895017, 'unit': 'kilogram',
'amount': =0.570542564, 'unit': 'cubic

’

market for

('biorefdb', 'energy feed'): {'name': 'energy feed', 'unit': 'megajoule’,
'type': 'process', 'exchanges': [
{'input': ('biorefdb', 'energy feed'), 'amount': 1.0, 'unit': 'megajoule',
'type': 'production'},
{'"input': ('biorefdb', 'GWP'), 'amount': =-0.0040823790000000006, 'unit':
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'ODP'), 'amount': 7.37e-07, 'unit': 'kilogram',
'type': 'biosphere'},

{'input':

('biorefdb', 'IR'"),

'amount': 0.000651737, 'unit':
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'kilobecquerel',

'type':

'biosphere'},

{'input': ('biorefdb', 'POFPHH'), 'amount': 0.000122428, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'PMF'), 'amount': 4.92e-05, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'POFPEQ'), 'amount': 0.000118854, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'TAP'), 'amount': 0.000329718, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FEP'), 'amount': 1.62e-05, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'MEP'), 'amount': 0.000191107, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'TETP'), 'amount': 0.140524227, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'FETP'), 'amount': 0.001276356, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'METP'), 'amount': 0.002229499, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'HCTP'), 'amount': 0.001193693, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'HNCTP'), 'amount': 0.08034274, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'LU'), 'amount': 0.060244334000000004, 'unit':
'squaremeter year', 'type': 'biosphere'},
{'"input': ('biorefdb', 'MRD'), 'amount': 0.000359877, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'FFD'), 'amount': 0.007236376, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'H20'), 'amount': 0.014981525, 'unit': 'cubic meter',
'type': 'biosphere'}l},
# Maize grain, feed {GLO}| market for
('biorefdb', 'maize'): {'name': 'maize', 'unit': 'kilogram', 'type': 'process',
'exchanges': [
{'input': ('biorefdb', 'maize'), 'amount': 1.0, 'unit': 'kilogram', 'type':
'production'},
{'input': ('biorefdb', 'GWP'), 'amount': 0.617663539, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'ODP'), 'amount': 5.56e-06, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'IR'), 'amount': =0.011471893, 'unit':
'kilobecquerel', 'type': 'biosphere'},
{'input': ('biorefdb', 'POFPHH'), 'amount': 0.001687469, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'PMF'), 'amount': 0.002011463, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'POFPEQ'), 'amount': 0.001719988, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'TAP'), 'amount': 0.00490815, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FEP'), 'amount': 0.000521102, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'MEP'), 'amount': 0.0008341830000000001, 'unit':

'kilogram',

{'input'
'type':
{'input'
'type':
{'input'

'kilogram',

{'input’
'type':
{'input'

'kilogram',

{'input'

'squaremeter year',

{'input'

'kilogram',

{'input'

'kilogram',

{'input’
meter',

'type':
: ('biorefdb',
'biosphere'},
: ('biorefdb',
'biosphere'},
: ('biorefdb',
'type':

: ('biorefdb', 'HCTP'), 'amount': 0.026263312, 'unit': 'kilogram',

'biosphere'},

: ('biorefdb', 'HNCTP'), 'amount': 0.46349127799999995, 'unit':
'type': 'biosphere'},

: ('biorefdb', 'LU'), 'amount': 0.7695256570000001, 'unit':

'type': 'biosphere'},

: ('biorefdb', 'MRD'), 'amount': 0.0030003609999999996, 'unit':
'type': 'biosphere'},

: ('biorefdb', 'FFD'), 'amount': 0.12420566400000001, 'unit':
'type': 'biosphere'},

: ('biorefdb', 'H20'"), 'amount': 0.17561734699999998, 'unit': 'cubic

'type':

"TETP'),
"FETP'),

'"METP'),

'biosphere'}1},

"amount': 0.023914166,

"amount':
'biosphere'},

'biosphere'},
"amount': 1.55415584¢6,

'unit':
'unit':

0.029061747000000002,

'kilogram',
'kilogram',

'unit':
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2443
2444

2445
2446
2447
2448
2449
2450
2451
2452
2453
2454
2455
2456
2457
2458
2459
2460
2461
2462
2463

2464
2465

2466
2467
2468
2469
2470
2471
2472
2473
2474
2475
2476
2477
2478

2479

# Palm oil,

('biorefdb’',

'process', '
{'input’
'type':
{'input'
'type':
{'input'
'type':
{'input'

'kilobecquerel',

crude {GLO} |
'palm o0il'"):
exchanges': [
: ('biorefdb',
'production'},

market for
{'name"':

'palm oil'),

'palm oil',

"amount':

'unit':

1.0,

'unit':

'kilogram',

: ('biorefdb', 'GWP'), 'amount': 2.514341035, 'unit':
'biosphere'},

: ('biorefdb', 'ODP'), 'amount': 8.44e-06, 'unit':
'biosphere'},

: ('biorefdb', 'IR'), 'amount': =-0.010119998, 'unit':

'type':

'biosphere'},

'type':

'kilogram',

'kilogram',

'kilogram',

{'input': ('biorefdb', 'POFPHH'), 'amount': 0.002319165, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'PMF'), 'amount': 0.00273598, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'POFPEQ'), 'amount': 0.002616215, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'TAP'), 'amount': 0.006006049, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'FEP'), 'amount': 0.00018320900000000001, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'MEP'), 'amount': 0.004010782, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'TETP'), 'amount': 1.84727535, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FETP'), 'amount': 0.013794791, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'METP'), 'amount': 0.014353221000000001, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'HCTP'), 'amount': 0.011144452, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'HNCTP'), 'amount': -0.066786611, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'LU'), 'amount': 1.526610386, 'unit': 'squaremeter
year', 'type': 'biosphere'},
{"input': ('biorefdb', 'MRD'), 'amount': 0.0018974270000000001, 'unit':
'kilogram', 'type': 'biosphere'},
{"input': ('biorefdb', 'FFD'), 'amount': =-0.10790066699999999, 'unit':
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'H20'), 'amount': 0.021032526, 'unit': 'cubic meter',
'type': 'biosphere'}l},
# Reference systems
('biorefdb', 'refAl'): {'name': 'refAl', 'unit': 'piece', 'type': 'process',
'exchanges': [
{'input': ('biorefdb', 'refAl'), 'amount': 1.0, 'unit': 'piece', 'type':
'production'},
{'input': ('biorefdb', 'surfactant'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},
{'input': ('biorefdb', 'protein feed'), 'amount': 0.15, 'unit': 'kilogram',
'type': 'technosphere'},
{'input': ('biorefdb', 'maize'), 'amount': 0.25, 'unit': 'kilogram',6 'type':

'technosphere'},

{'input'
'type':
{'input'
'type':
('biorefdb',
'exchanges':
{'input'

'production'},

{'input’
'type':
{'input'
'type':
{'input'

: ('biorefdb', 'palm oil'), 'amount': 0.25, 'unit': 'kilogram',
'technosphere'},
: ('biorefdb', 'energy feed'), 'amount': 0.1, 'unit': 'kilogram',
'technosphere'}]l},

'refA2'): {'name': 'refA2', 'unit': 'piece', 'type': 'process',

[
: ('biorefdb', 'refA2'), 'amount': 1.0, 'unit': 'piece', 'type':
: ('biorefdb', 'surfactant'), 'amount': 0.25, 'unit': 'kilogram',
'technosphere'},
: ('biorefdb', 'protein feed'), 'amount': 0.15, 'unit': 'kilogram',

'technosphere'},

: ('biorefdb',

'technosphere'},

{'input'
'type':
{'input'
'type':
('biorefdb’',
'exchanges':

'maize'), 'amount': 0.

25, 'unit':

: ('biorefdb', 'palm oil'), 'amount': 0.25,
'technosphere'},
: ('biorefdb', 'energy feed'), 'amount': 0.1,
'technosphere'}]},
'refB1l'): {'name': 'refBl', 'unit': 'piece',
[

'unit':

'unit':

'type':

'kilogram',

'type':

'kilogram',

'kilogram',

'process',
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2480
2481
2482
2483
2484
2485
2486
2487
2488
2489
2490
2491
2492

2493
2494
2495
2496
2497
2498
2499
2500
2501
2502
2503
2504
2505
2506
2507
2508
2509
2510
2511
2512
2513
2514
2515
2516
2517
2518
2519
2520
2521
2522
2523
2524
2525
2526
2527
2528
2529
2530
2531
2532
2533

2534
2535
2536

{'"input': ('biorefdb', 'refBl'), 'amount': 1.0, 'unit': 'piece', 'type':
'production'},
{'input': ('biorefdb', 'surfactant'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},
{'input': ('biorefdb', 'protein feed'), 'amount': 0.15, 'unit': 'kilogram',
'type': 'technosphere'},
{'input': ('biorefdb', 'maize'), 'amount': 0.25, 'unit': 'kilogram',6 'type':
'technosphere'},
{'input': ('biorefdb', 'palm oil'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},
{'input': ('biorefdb', 'energy feed'), 'amount': 0.1, 'unit': 'kilogram',
'type': 'technosphere'}l},

('biorefdb', 'refB2'): {'name': 'refB2', 'unit': 'piece', 'type': 'process',

'exchanges': [
{'input': ('biorefdb', 'refB2'), 'amount': 1.0, 'unit': 'piece', 'type':
'production'},
{'input': ('biorefdb', 'surfactant'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},
{'input': ('biorefdb', 'protein feed'), 'amount': 0.15, 'unit': 'kilogram',
'type': 'technosphere'},
{'input': ('biorefdb', 'maize'), 'amount': 0.25, 'unit': 'kilogram',6 'type':
'technosphere'},
{'input': ('biorefdb', 'palm o0il'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},
{'input': ('biorefdb', 'energy feed'), 'amount': 0.1, 'unit': 'kilogram',
'type': 'technosphere'}l},

}

db.write(bioref data scen9)

#Life Cycle Impact Assessment for scenario 9
iteration = 4000

data = []

ca_sludge = pd.DataFrame ()

for i in range(iteration):
time = datetime.datetime.today() .strftime('2HZM")

print(time+': '+str(i))
param names = []
param values = []

project param(param names, param values, inval, i)

database param(param names, param values)

activity param(param names, param values)

LCIA sludge(ca sludge, i, iteration, param names, param values, datestr)
data.append(param values)

df = pd.DataFrame(data, columns = param names)
df.to csv('{}\\results sludge.csv'.format (datestr))
df

# boxplots of contribution analysis for each impact category and system
sys = ['Al", 'A2', 'B1', 'B2']
Im = list (methods)

ic =[]
for i in 1m:
ic.append(i[2])

for s in sys:
for c in ic:

IC = str(c)
ca_sludge filtered = ca sludge.filter(like=IC+' '+s).copy()
ca_sludge filtered['Total']= ca_sludge filtered.sum(axis=1)
ca_sludge short = ca sludge filtered.query('Total != 0")
ca_sludge_short = ca_ sludge_short.T
ca_sludge_short = ca_sludge short[:-1]

ca_sludge short.to csv('{}\\{} {} contribution statistics sludge.csv'.format (d
atestr, s, IC))

#Creating Database for scenario 10
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2537
2538
2539
2540
2541
2542
2543

2544
2545

2546
2547
2548
2549
2550
2551
2552
2553
2554
2555
2556
2557
2558
2559
2560

2561
2562

2563
2564
2565
2566
2567
2568
2569
2570
2571
2572
2573
2574
2575
2576
25717
2578
2579
2580
2581
2582

2583

bioref data scenlO = {

#Definition of reference substances of each impact category as biosphere flow
#Required for calculation of LCIA results
('biorefdb', 'GWP'): {'name': 'GWP', 'unit':
('biorefdb', 'ODP'): {'name': 'ODP', 'unit': 'kilogram',6 'type': 'biosphere'},
('biorefdb', '"IR'): {'name': 'IR', 'unit': 'kilobecquerel', 'type':
('biorefdb', 'POFPHH'): {'name': 'POFPHH', 'unit': 'kilogram', 'type':
'biosphere'},

('biorefdb', '"PMF'): {'name': 'PMF', 'unit':
('biorefdb', 'POFPEQ'): {'name':
'biosphere'},

('biorefdb', 'TAP'): {'name':
('biorefdb', 'FEP'): {'name':
('biorefdb', 'MEP'): {'name':

'kilogram', 'type': 'biosphere'},

'kilogram', 'type': 'biosphere'},
'POFPEQ', 'unit': 'kilogram', 'type':

'"TAP', 'unit':
'FEP', 'unit':
'MEP', 'unit':

'kilogram', 'type':
'kilogram', 'type':
'kilogram', 'type':

'biosphere'},
'biosphere'},
'biosphere'},

'biosphere'},

('biorefdb', 'TETP'): {'name': 'TETP', 'unit': 'kilogram', 'type': 'biosphere'},
('biorefdb', 'FETP'): {'name': 'FETP', 'unit': 'kilogram', 'type': 'biosphere'},
('biorefdb', 'METP'): {'name': 'METP', 'unit': 'kilogram', 'type': 'biosphere'},
('biorefdb', 'HCTP'): {'name': 'HCTP', 'unit': 'kilogram', 'type': 'biosphere'},
('biorefdb', 'HNCTP'): {'name': 'HNCTP', 'unit': 'kilogram', 'type': 'biosphere'},

('biorefdb', 'LU'): {'name':
'biosphere'},
('biorefdb', 'MRD'): {'name':

'LU', 'unit': 'squaremeter year', 'type':

'MRD', 'unit': 'kilogram',6 'type': 'biosphere'},
('biorefdb', 'FFD'): {'name': 'FFD', 'unit': 'kilogram',6 'type': 'biosphere'},
('biorefdb', 'H20'): {'name': 'H20', 'unit': 'cubic meter', 'type':
#Definition of additional biosphere flows occuring in the foreground system
('biorefdb', 'occupation'): {'name': 'occupation', 'unit': 'squaremeter year',
'type': 'biosphere'},

('biorefdb', 'transformation'): {'name':
'squaremeter', 'type': 'biosphere'},

'transformation', 'unit':

'biosphere'},

#Definition of output flows

('biorefdb',
'biosphere'},
('biorefdb',
'biosphere'},
('biorefdb',
'biosphere'},
('biorefdb"',
'biosphere'},
('biorefdb’',
'kilogram',
('biorefdb’',
'biosphere'},
('biorefdb',

'kilogram', 'type':

('biorefdb',
'biosphere'},

'type':
'proteinsl'):

'lipidsA'):
'proteinsA'): {'name':
'lipidsB'"):
'proteinsB'):
'polysaccharidesl'):

'biosphere'},

'polysaccharides2'): {'name':
'biosphere'},
'proteins2'): {'name':

{'name': 'lipidsA',

{'name': 'lipidsB',
{'name"':
{'name"':

{"'name':

'proteinsA', 'unit':

'proteinsB', 'unit':

'proteinsl', 'unit':

'proteins2', 'unit':

'unit':

'unit':

'polysaccharidesl’',

'polysaccharides2’',

'kilogram',

'kilogram',

'type':

'kilogram', 'type':

'type':

'kilogram', 'type':

'unit':

'kilogram', 'type':

'unit':

'kilogram', 'type':

#Background system with names of datasets in ecoinvent 3.5 consequential

#Tap water{Europe without Switzerland},

underground without treatment

('biorefdb', 'water'): {'name': 'water', 'unit': 'kilogram', 'type': 'process',
'exchanges': [
{'input': ('biorefdb', 'water'), 'amount': 1.0, 'unit': 'kilogram', 'type':

'production'},

{'input': ('biorefdb', 'GWP'), 'amount': 9.19e-05, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'ODP'), 'amount': 6.509999999999999%e-11, 'unit':

'kilogram', 'type':

'biosphere'},

{'input': ('biorefdb', 'IR'), 'amount': 3.6e-05, 'unit': 'kilobecquerel',
'type': 'biosphere'},

{'input': ('biorefdb', 'POFPHH'), 'amount': 1.72e-07, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'PMF'), 'amount': 2.46e-07, 'unit': 'kilogram',
'type': 'biosphere'},

{"input': ('biorefdb', 'POFPEQ'), 'amount': 1.7600000000000001e-07, 'unit':

'kilogram', 'type':

'biosphere'},

{'input': ('biorefdb', 'TAP'), 'amount': 2.89e-07, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'FEP'), 'amount': 7.21e-08, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'MEP'), 'amount': 5.01le-09, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'TETP'), 'amount': 0.000302872, 'unit': 'kilogram',
'type': 'biosphere'},
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2584 {'"input': ('biorefdb', 'FETP'), 'amount': 9.68e-06, 'unit': 'kilogram',
'type': 'biosphere'},
2585 {'"input': ('biorefdb', 'METP'), 'amount': 1.24e-05, 'unit': 'kilogram',
'type': 'biosphere'},
2586 {'"input': ('biorefdb', 'HCTP'), 'amount': 4.63e-06, 'unit': 'kilogram',
'type': 'biosphere'},
2587 {'input': ('biorefdb', 'HNCTP'), 'amount': 0.000131634, 'unit': 'kilogram',
'type': 'biosphere'},
2588 {'input': ('biorefdb', 'LU'), 'amount': 2.09e-05, 'unit': 'squaremeter
year', 'type': 'biosphere'},
2589 {'"input': ('biorefdb', 'MRD'), 'amount': 4.14e-07, 'unit': 'kilogram',
'type': 'biosphere'},
2590 {'input': ('biorefdb', 'FFD'), 'amount': 2.94e-05, 'unit': 'kilogram',
'type': 'biosphere'},
2591 {'"input': ('biorefdb', 'H20'), 'amount': 0.001000662, 'unit': 'cubic meter',
'type': 'biosphere'}l},
2592 #Anaerobic digestion and biogas purification of cattle manure(self created
dataset)
2593 #CO2 was used as reference flow due to is fixed consumption rate
2594 #Provision of electricity, heat and nutrients included as avoided products
2595 ('biorefdb', 'CO2'): {'name': 'CO2', 'unit': 'kilogram', 'type': 'process',
'exchanges': [
2596 {'"input': ('biorefdb', 'C02'), 'amount': 1.0, 'unit': 'kilogram',6 'type':
'production'},
2597 {'input': ('biorefdb', 'GWP'), 'amount': =-2.002522851, 'unit': 'kilogram',
'type': 'biosphere'},
2598 {'"input': ('biorefdb', 'ODP'), 'amount': 2.6708699999999997e-06, 'unit':
'kilogram', 'type': 'biosphere'},
2599 {'input': ('biorefdb', 'IR'), 'amount': 0.39228102600000003, 'unit':
'kilobecquerel', 'type': 'biosphere'},
2600 {"input': ('biorefdb', 'POFPHH'), 'amount': =-0.0007129969999999999, 'unit':
'kilogram', 'type': 'biosphere'},
2601 {"input': ('biorefdb', 'PMF'), 'amount': 0.0032360999999999996, 'unit':
'kilogram', 'type': 'biosphere'},
2602 {'"input': ('biorefdb', 'POFPEQ'), 'amount': =0.000774657, 'unit':
'kilogram', 'type': 'biosphere'},
2603 {'"input': ('biorefdb', 'TAP'), 'amount': 0.036173678, 'unit': 'kilogram',
'type': 'biosphere'},
2604 {'input': ('biorefdb', 'FEP'), 'amount': -0.000178508, 'unit': 'kilogram',
'type': 'biosphere'},
2605 {"input': ('biorefdb', 'MEP'), 'amount': =5.4656799999999995e-06, 'unit':
'kilogram', 'type': 'biosphere'},
2606 {'"input': ('biorefdb', 'TETP'), 'amount': -1.442980876, 'unit': 'kilogram',
'type': 'biosphere'},
2607 {'"input': ('biorefdb', 'FETP'), 'amount': 0.002824594, 'unit': 'kilogram',
'type': 'biosphere'},
2608 {'"input': ('biorefdb', 'METP'), 'amount': =-0.010506518999999999, 'unit':
'kilogram', 'type': 'biosphere'},
2609 {'input': ('biorefdb', 'HCTP'), 'amount': =-0.008162021, 'unit': 'kilogram',
'type': 'biosphere'},
2610 {'input': ('biorefdb', 'HNCTP'), 'amount': =-0.059618495, 'unit': 'kilogram',
'type': 'biosphere'},
2611 {'"input': ('biorefdb', 'LU'), 'amount': 0.9270929529999999, 'unit':
'squaremeter year', 'type': 'biosphere'},
2612 {'input': ('biorefdb', 'MRD'), 'amount': =0.002229027, 'unit': 'kilogram',
'type': 'biosphere'},
2613 {"input': ('biorefdb', 'FFD'), 'amount': =-1.5598613019999998, 'unit':
'kilogram', 'type': 'biosphere'},
2614 {'input': ('biorefdb', 'H20'), 'amount': =-0.037026138, 'unit': 'cubic
meter', 'type': 'biosphere'}l},
2615 #Urea, as N {GLO}, market for
2616 ('biorefdb', 'urea'): {'name': 'urea', 'unit': 'kilogram', 'type': 'process',
'exchanges': [
2617 {'input': ('biorefdb', 'urea'), 'amount': 1.0, 'unit': 'kilogram', 'type':
'production'},
2618 {'input': ('biorefdb', 'GWP'), 'amount': 3.8894564739999997, 'unit':
'kilogram', 'type': 'biosphere'},
2619 {'input': ('biorefdb', 'ODP'), 'amount': 1.36e-06, 'unit': 'kilogram',
'type': 'biosphere'},
2620 {"input': ('biorefdb', 'IR'), 'amount': =-0.089660003, 'unit':

'kilobecquerel', 'type': 'biosphere'},
2621 {'input': ('biorefdb', 'POFPHH'), 'amount': 0.0047212090000000005, 'unit':
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2622
2623
2624
2625
2626
2627
2628
2629
2630
2631
2632
2633
2634
2635

2636
2637

2638
2639
2640
2641
2642
2643
2644
2645
2646
2647
2648
2649
2650
2651
2652
2653
2654
2655
2656

2657
2658

'kilogram',

{'input’
'type':
{'input’

'kilogram',

{"input'
'type':
{'input'

'kilogram',

{'input'
'type':
{'input'
'type':
{'input’
'type':
{"input'

'kilogram',

{'input'
'type':

{'input'
'type':

{'input'
year',
{'input’

'kilogram',

{'input'
'type':
{'input'
meter',

#P-fertilizer,

'type': 'biosphere'},

'type': 'biosphere'}l},
as P205{GLO},

market for

144

: ('biorefdb', 'PMF'), 'amount': 0.004883223, 'unit': 'kilogram',

'biosphere'},

: ('biorefdb', 'POFPEQ'), 'amount': 0.0049160259999999996, 'unit':
'type': 'biosphere'},

: ('biorefdb', 'TAP'), 'amount': 0.014229499, 'unit': 'kilogram',

'biosphere'},

: ('biorefdb', 'FEP'), 'amount': 0.0005778469999999999, 'unit':
'type': 'biosphere'},

: ('biorefdb', 'MEP'), 'amount': 0.000115323, 'unit': 'kilogram',

'biosphere'},

: ('biorefdb', 'TETP'), 'amount': 19.2202542, 'unit': 'kilogram',

'biosphere'},

: ('biorefdb', 'FETP'), 'amount': 0.060183911, 'unit': 'kilogram',

'biosphere'},

: ('biorefdb', 'METP'), 'amount': 0.09959797599999999, 'unit':
'type': 'biosphere'},

: ('biorefdb', 'HCTP'), 'amount': 0.053159011, 'unit': 'kilogram',

'biosphere'},

: ('biorefdb', 'HNCTP'), 'amount': 2.968096533, 'unit': 'kilogram',

'biosphere'},

: ('biorefdb', 'LU'"), 'amount': 0.040138148, 'unit': 'squaremeter

'type': 'biosphere'},

: ('biorefdb', 'MRD'), 'amount': 0.011912731999999999, 'unit':
'type': 'biosphere'},

: ('biorefdb', 'FFD'), 'amount': 1.55431272, 'unit': 'kilogram',

'biosphere'},

: ('biorefdb', 'H20'), 'amount': 0.18376514100000002, 'unit': 'cubic

('biorefdb', 'p-fertilizer'): {'name': 'p-fertilizer', 'unit': 'kilogram',
'type': 'process', 'exchanges': [
{'input': ('biorefdb', 'p-fertilizer'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'production'},
{'"input': ('biorefdb', 'GWP'), 'amount': 0.860056156, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'ODP'), 'amount': =-2.61le-05, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'IR'), 'amount': 0.11128030800000001, 'unit':
'kilobecquerel', 'type': 'biosphere'},
{'"input': ('biorefdb', 'POFPHH'), 'amount': 0.003998071, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'PMF'), 'amount': 0.008146645, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'POFPEQ'), 'amount': 0.004065714000000001, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'TAP'), 'amount': 0.015577354, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FEP'), 'amount': 0.002341785, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'MEP'), 'amount': 8.809999999999999e-05, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'TETP'), 'amount': 11.31426411, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FETP'), 'amount': 0.104942619, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'METP'), 'amount': 0.149328385, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'HCTP'), 'amount': 0.091493355, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'HNCTP'), 'amount': 3.600045742, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'LU'), 'amount': 0.247027373, 'unit': 'squaremeter
year', 'type': 'biosphere'},
{'"input': ('biorefdb', 'MRD'), 'amount': 0.09812374, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FFD'), 'amount': 0.461347326, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'H20'), 'amount': 0.08618997800000001, 'unit': 'cubic
meter', 'type': 'biosphere'}l},
#Electricity, low voltage {DE}| market for

('biorefdb',

'electricity'): {'name':

'electricity',

'unit':

'kilowatt hour',
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'type': 'process', 'exchanges': [
{'input': ('biorefdb', 'electricity'), 'amount': 1.0, 'unit': 'kilowatt
hour', 'type': 'production'},
{'"input': ('biorefdb', 'GWP'), 'amount': 0.136543079, 'unit': 'kilogram',

'type': 'biosphere'},
{'"input': ('biorefdb',
'kilogram',
{'"input': ('biorefdb',

'kilobecquerel', 'type':

{'"input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',

'ODP'), 'amount': 9.779999999999999e-08, 'unit':

'type': 'biosphere'},

'"TR"), 'amount': 0.001783175, 'unit':
'biosphere'},
'"POFPHH'"), 'amount': 0.000216538, 'unit': 'kilogram',
'"PMF'), 'amount': 0.00010863, 'unit': 'kilogram',
'"POFPEQ'), 'amount': 0.00022758, 'unit': 'kilogram',
'TAP'), 'amount': 6.7e-05, 'unit': 'kilogram',

'FEP'), 'amount': 9.590000000000001e-05, 'unit':

'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'kilogram',
{'"input': ('biorefdb',
'kilogram',
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',

'MEP'), 'amount': 6.7le-06, 'unit': 'kilogram',
'TETP'), 'amount': 2.197615264, 'unit': 'kilogram',

'"FETP'), 'amount': 0.061270104000000006, 'unit':

'type': 'biosphere'},

'METP'), 'amount': 0.07772171900000001, 'unit':

'type': 'biosphere'},

'"HCTP'), 'amount': 0.012012498, 'unit': 'kilogram',
'"HNCTP'), 'amount': 0.506773085, 'unit': 'kilogram',

'LU'"), 'amount': 0.003969451, 'unit': 'squaremeter

year', 'type': 'biosphere'},

{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type':

'biosphere'}1},

'MRD'"), 'amount': 0.001674449, 'unit': 'kilogram',
'"FFD'), 'amount': 0.044166038, 'unit': 'kilogram',

'H20'), 'amount': 0.001595383, 'unit': 'cubic meter',

#Heat, district or industrial, natural gas {Europe without Switzerland}| market

for

('biorefdb', 'heat'): {'name':

'exchanges': [

{'input': ('biorefdb',
'production'},

{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',

'kilobecquerel', 'type':

{'"input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',

'heat', 'unit': 'megajoule', 'type': 'process',
'heat'), 'amount': 1.0, 'unit': 'megajoule', 'type':
'GWP'), 'amount': 0.16105591, 'unit': 'kilogram',
'ODP'), 'amount': 1.69e-08, 'unit': 'kilogram',
"IR"), 'amount': -0.014713261000000002, 'unit':

'biosphere'},

'"POFPHH'"), 'amount': 4.34e-05, 'unit': 'kilogram',

'"PMF'"), 'amount': =7.520000000000001e-07, 'unit':

'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'kilogram',
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',

'"POFPEQ'), 'amount': 4.7e-05, 'unit': 'kilogram',

'"TAP'), 'amount': 1.9699999999999998e-05, 'unit':

'type': 'biosphere'},

'"FEP'), 'amount': -1.09e-05, 'unit': 'kilogram',
'MEP'), 'amount': =9.62e-07, 'unit': 'kilogram',
'TETP'), 'amount': =-0.245432851, 'unit': 'kilogram',
'"FETP'), 'amount': -=-0.008824007, 'unit': 'kilogram',
'METP'), 'amount': =-0.010750859, 'unit': 'kilogram',
'"HCTP'), 'amount': =-0.001158296, 'unit': 'kilogram',

'"HNCTP'), 'amount': =-0.075304386, 'unit': 'kilogram',
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'type': 'biosphere'},

{'input': ('biorefdb', 'LU'), 'amount': =0.034285382, 'unit': 'squaremeter
year', 'type': 'biosphere'},

{'"input': ('biorefdb', 'MRD'), 'amount': =-0.000216762, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'FFD'), 'amount': 0.064936762, 'unit': 'kilogram',

'type': 'biosphere'},
{'input': ('biorefdb', 'H20'), 'amount': -0.00019145299999999998, 'unit':
'cubic meter', 'type': 'biosphere'}l},

#Ethanol, without water, in 99.7% solution state, from ethylene {RER}| market for
('biorefdb', 'ethanol'): {'name': 'ethanol', 'unit': 'kilogram', 'type':
'process', 'exchanges': [

{'input': ('biorefdb', 'ethanol'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'production'},

{'input': ('biorefdb', 'GWP'), 'amount': 1.56029725, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'ODP'), 'amount': 1.35e-07, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'IR'), 'amount': =0.028296747, 'unit':
'kilobecquerel', 'type': 'biosphere'},

{'input': ('biorefdb', 'POFPHH'), 'amount': 0.002894092, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'PMF'), 'amount': 0.000939472, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'POFPEQ'), 'amount': 0.0033342590000000004, 'unit':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'TAP'), 'amount': 0.0027426779999999997, 'unit':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'FEP'), 'amount': 0.0007628789999999999, 'unit':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'MEP'), 'amount': 2.44e-05, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'TETP'), 'amount': 2.123625234, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'FETP'), 'amount': 0.008949897, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'METP'), 'amount': 0.017024897, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'HCTP'), 'amount': 0.034938227, 'unit': 'kilogram',
'type': 'biosphere'},

{"input': ('biorefdb', 'HNCTP'), 'amount': 0.872764434, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'LU'), 'amount': =-0.009886866, 'unit': 'squaremeter
year', 'type': 'biosphere'},

{'"input': ('biorefdb', 'MRD'), 'amount': 0.00226896, 'unit': 'kilogram',
'type': 'biosphere'},

'input': ('biorefdb', 'FFD'), 'amount': 1.0924729359999998, 'unit':
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'H20'), 'amount': 0.014553181, 'unit': 'cubic meter',
'type': 'biosphere'}l},

# Cooling energy {GLO}| market for
('biorefdb', 'cooling'): {'name': 'cooling', 'unit': 'megajoule', 'type':
'process', 'exchanges': [

{'input': ('biorefdb', 'cooling'), 'amount': 1.0, 'unit': 'megajoule',
'type': 'production'},
{'input': ('biorefdb', 'GWP'), 'amount': 0.148086309, 'unit': 'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'ODP'), 'amount': 4.3899999999999996e-08, 'unit':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'IR'), 'amount': 0.002431879, 'unit':
'kilobecquerel', 'type': 'biosphere'},

{"input': ('biorefdb', 'POFPHH'), 'amount': 0.00011507700000000001, 'unit':
'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'PMF'), 'amount': 7.96e-05, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'POFPEQ'), 'amount': 0.00012018200000000001, 'unit':
'kilogram', 'type': 'biosphere'},

{"input': ('biorefdb', 'TAP'), 'amount': 0.00012990299999999998, 'unit':
'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'FEP'), 'amount': 2.64e-05, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'MEP'), 'amount': 1.57e-06, 'unit': 'kilogram',
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: 0.301411366, 'unit': 'kilogram',

: 0.003692393, 'unit': 'kilogram',

: 0.005241192, 'unit': 'kilogram',

: 0.002323112, 'unit': 'kilogram',
0.102585919, 'unit': 'kilogram'

0.001201341, 'unit': 'squaremeter

0.000364303, 'unit': 'kilogram',

0.050946438, 'unit': 'kilogram',

0.000699855, 'unit': 'cubic meter',

'type': 'biosphere'},
{'input': ('biorefdb', 'TETP'), 'amount'
'type': 'biosphere'},

input': iore , FETP'), 'amount
{l‘ L} ('b' fdbl L} ') Al Al
'type': 'biosphere'},
{'input': ('biorefdb', 'METP'), 'amount'
'type': 'biosphere'},
{'input': ('biorefdb', 'HCTP'), 'amount'
'type': 'biosphere'},
{'input': ('biorefdb', 'HNCTP'), 'amount':
'type': 'biosphere'},
{'input': ('biorefdb', 'LU'), 'amount':
year', 'type': 'biosphere'},
{'input': ('biorefdb', 'MRD'), 'amount':
'type': 'biosphere'},

'input': ('biorefdb', 'FFD'), 'amount':

P

'type': 'biosphere'},
{'input': ('biorefdb', 'H20'), 'amount':
'type': 'biosphere'}l},

#wastewater from anaerobic digestion of whey {CH}|

1E91/year
('biorefdb',
'process', '

{'input': ('biorefdb', 'ww har'), 'amount': 1.0, 'unit': 'cubic meter',
'type': 'production'},
{'"input': ('biorefdb', 'GWP'), 'amount': 20.32592157, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'ODP'), 'amount': 4.52e-05, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'IR'), 'amount': 0.44849766700000004, 'unit':
'kilobecquerel', 'type': 'biosphere'},
{'"input': ('biorefdb', 'POFPHH'), 'amount': 0.029642882000000002, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'PMF'), 'amount': 0.008842205, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'POFPEQ'), 'amount': 0.030070711, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'TAP'), 'amount': 0.040892915, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'FEP'), 'amount': 0.090838881, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'MEP'), 'amount': 0.185435297, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'TETP'), 'amount': 30.79150239, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FETP'), 'amount': 0.320852247, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'METP'), 'amount': 0.434904054, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'HCTP'), 'amount': -0.326284311, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'HNCTP'), 'amount': 7.27153051, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'LU'), 'amount': 0.282044226, 'unit': 'squaremeter
year', 'type': 'biosphere'},
{'input': ('biorefdb', 'MRD'), 'amount': 0.135825883, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'FFD'), 'amount': 1.302806741, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'H20'), 'amount': -0.860724387, 'unit': 'cubic
meter', 'type': 'biosphere'}l},
#Chemical factory, organics {GLO}| market for
('biorefdb', 'factory'): {'name': 'factory', 'unit': 'piece', 'type': 'process',
'exchanges': [
{'input': ('biorefdb', 'factory'), 'amount': 1.0, 'unit': 'piece', 'type':
'production'},
{'"input': ('biorefdb', 'GWP'), 'amount': 161325303.7, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'ODP'), 'amount': 92.41618267, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'IR'), 'amount': 6334595.857000001, 'unit':
'kilobecquerel', 'type': 'biosphere'},

'ww_har'):
exchanges': [

{'name"':

'ww_har',

'unit':

treatment of,

'cubic meter',

capacity

'type':
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{'"input': ('biorefdb', 'POFPHH'), 'amount': 443211.6364, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'PMF'), 'amount': 330038.917, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'POFPEQ'), 'amount': 456327.8635, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'TAP'), 'amount': 79006.31407000001, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'FEP'), 'amount': 400235.6212, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'MEP'), 'amount': 20118.51368, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'TETP'), 'amount': 6367958232.0, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FETP'), 'amount': 61895857.19, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'METP'), 'amount': 88013243.58, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'HCTP'), 'amount': 30734424.15, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'HNCTP'), 'amount': 2189105319.0, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'LU'), 'amount': 25599356.64, 'unit': 'squaremeter
year', 'type': 'biosphere'},
{"input': ('biorefdb', 'MRD'), 'amount': 6846395.706, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FFD'), 'amount': 37843582.45, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'H20'), 'amount': 1855436.5, 'unit': 'cubic meter',
'type': 'biosphere'}l},

#Enzymes {GLO}| market for enzymes

('biorefdb', 'enzymes'): {'name': 'enzymes', 'unit': 'kilogram', 'type':

'process', 'exchanges': [

{'input': ('biorefdb', 'enzymes'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'production'},

{"input': ('biorefdb', 'GWP'), 'amount': 6.296996917, 'unit': 'kilogram',
'type': 'biosphere'},

{"input': ('biorefdb', 'ODP'), 'amount': 2.9600000000000005e-05, 'unit':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'IR'), 'amount': 0.523030929, 'unit':
'kilobecquerel', 'type': 'biosphere'},

{'"input': ('biorefdb', 'POFPHH'), 'amount': 0.014013562, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'PMF'), 'amount': 0.011925445, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'POFPEQ'), 'amount': 0.014345896, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'TAP'), 'amount': 0.032129616, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'FEP'), 'amount': 0.003219702, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'MEP'), 'amount': 0.007980136, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'TETP'), 'amount': 40.96757371, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'FETP'), 'amount': 0.374935794, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'METP'), 'amount': 0.552888655, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'HCTP'), 'amount': 0.210816313, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'HNCTP'), 'amount': 19.72256277, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'LU'), 'amount': 5.74652368, 'unit': 'squaremeter
year', 'type': 'biosphere'},

{'input': ('biorefdb', 'MRD'), 'amount': 0.032285844, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'FFD'), 'amount': 1.72119936, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'H20'), 'amount': 0.082586618, 'unit': 'cubic meter',
'type': 'biosphere'}l},

#Ammonium sulfate, as N {GLO}| market for
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('"biorefdb', '(NH4)2S04"'):
'process', 'exchanges': [
{'input': ('biorefdb',
'type': 'production'},

{'name': ' (NH4)2S04', 'unit': 'kilogram'

' (NH4)2504'"), 'amount': 1.0, 'unit':

149

, 'type':

'kilogram',

{'"input': ('biorefdb', 'GWP'), 'amount': 3.9166014860000002, 'unit':
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'ODP'), 'amount': 9.56e-07, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'IR'), 'amount': =0.414434804, 'unit':
'kilobecquerel', 'type': 'biosphere'},
{'"input': ('biorefdb', 'POFPHH'), 'amount': 0.004723794, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'PMF'), 'amount': 0.003349216, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'POFPEQ'), 'amount': 0.00493708, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'TAP'), 'amount': 0.005729025, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FEP'), 'amount': 0.001541649, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'MEP'), 'amount': 8.13e-05, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'TETP'), 'amount': 10.17854414, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'FETP'), 'amount': 0.018404289, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'METP'), 'amount': 0.050618932, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'HCTP'), 'amount': 0.09096229900000001, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'HNCTP'), 'amount': 4.076291278999999, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'LU'), 'amount': 0.043661984, 'unit': 'squaremeter
year', 'type': 'biosphere'},
{'"input': ('biorefdb', 'MRD'), 'amount': 0.01075181, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'FFD'), 'amount': 1.343235775, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'H20'), 'amount': 0.025721355, 'unit': 'cubic meter',
'type': 'biosphere'}l},

#Isopropanol {RER}| market for isopropanol

('biorefdb', 'isopropanol'): {'name': 'isopropanol', 'unit': 'kilogram', 'type':

'process', 'exchanges': [

{'input': ('biorefdb', 'isopropanol'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'production'},

{"input': ('biorefdb', 'GWP'), 'amount': 2.169168902, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'ODP'), 'amount': 2.5e-07, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'IR'), 'amount': 0.011198045, 'unit':
'kilobecquerel', 'type': 'biosphere'},

{'input': ('biorefdb', 'POFPHH'), 'amount': 0.0038463390000000003, 'unit':
'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'PMF'), 'amount': 0.002066798, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'POFPEQ'), 'amount': 0.004434227, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'TAP'), 'amount': 0.005395626, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'FEP'), 'amount': 0.000376951, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'MEP'), 'amount': 2.22e-05, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'TETP'), 'amount': 4.749488885, 'unit': 'kilogram',
'type': 'biosphere'},

{"input': ('biorefdb', 'FETP'), 'amount': 0.030568757000000002, 'unit':
'kilogram', 'type': 'biosphere'},

{"input': ('biorefdb', 'METP'), 'amount': 0.045422647999999996, 'unit':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'HCTP'), 'amount': 0.038111464, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'HNCTP'), 'amount': 1.186796363, 'unit': 'kilogram',



Appendix B

2842
2843
2844
2845

2846
2847

2848
2849
2850
2851
2852
2853
2854
2855
2856
2857
2858
2859
2860
2861
2862
2863
2864
2865
2866

2867
2868

2869
2870

2871
2872

2873
2874

2875
2876

28717
2878

2879
2880

2881

'type': 'biosphere'},

{'"input': ('biorefdb', 'LU'), 'amount': 0.013328415, '
year', 'type': 'biosphere'},

{"input': ('biorefdb', 'MRD'), 'amount': 0.003405435,
'type': 'biosphere'},

{"input': ('biorefdb', 'FFD'), 'amount': 1.367379797,
'type': 'biosphere'},

{"input': ('biorefdb', 'H20'), 'amount': 0.018076459,
'type': 'biosphere'}l},

#Wastewater, average {Europe without Switzerland}| market

150

unit': 'squaremeter

'unit': 'kilogram',
'unit': 'kilogram',
'unit': 'cubic meter',

for wastewater, average

('biorefdb', 'ww dl'): {'name': 'ww dl', 'unit': 'cubic meter', 'type':

'process', 'exchanges': [
{'input': ('biorefdb', 'ww dl'), 'amount': 1.0, 'unit'
'type': 'production'},
{'"input': ('biorefdb', 'GWP'), 'amount': 0.491133658,
'type': 'biosphere'},
{'input': ('biorefdb', 'ODP'), 'amount':
'type': 'biosphere'},
{'"input': ('biorefdb', 'IR'), 'amount': 0.017610043, '
'kilobecquerel', 'type': 'biosphere'},

: 'cubic meter',

'unit': 'kilogram',

1.43e-06, 'unit': 'kilogram',

unit':

{"input': ('biorefdb', 'POFPHH'), 'amount': 0.0017711970000000002, 'unit':

'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'PMF'), 'amount': 0.001420767, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'POFPEQ'), 'amount': 0.00182678, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'TAP'), 'amount': 0.0034705709999999996, 'unit':

'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'FEP'), 'amount': 0.001106749, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'MEP'), 'amount': 0.005795862, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'TETP'), 'amount': 2.459676588, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'FETP'), 'amount': 0.037998104, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'METP'), 'amount': 0.051588342, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'HCTP'), 'amount': 0.080949175, 'unit': 'kilogram',
'type': 'biosphere'},

{"input': ('biorefdb', 'HNCTP'), 'amount': 2.900621667, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'LU'), 'amount': 0.031182364, 'unit': 'squaremeter
year', 'type': 'biosphere'},

{'"input': ('biorefdb', 'MRD'), 'amount': 0.013125474, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'FFD'), 'amount': 0.106659746, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'H20'), 'amount': =-0.895042907, 'unit': 'cubic

meter', 'type': 'biosphere'}l},
# Foreground system
('biorefdb', 'commonpath'):
'process', 'exchanges': [

# Algae biomass, dry mass

{'input': ('biorefdb', 'commonpath'), 'amount': 1.0, '

'type': 'production'},

# Water required for cultivation

{'"input': ('biorefdb', 'water'), 'amount': 0.0, 'unit'

'technosphere'},

# CO2 required for cultivation

{'input': ('biorefdb', 'C02'), 'amount': 4.0, 'unit':

'technosphere'},

# Urea as N-source required for cultivation

{'input': ('biorefdb', 'urea'), 'amount': 0.1, 'unit':

'technosphere'},

# P-fertilizer required for cultivation

{'name': 'commonpath', 'unit':

'kilogram', 'type':
unit': 'kilogram',

: 'kilogram', 'type':
'kilogram',

'type':

'kilogram', 'type':

{'input': ('biorefdb', 'p-fertilizer'), 'amount': 0.025, 'unit':

'kilogram', 'type': 'technosphere'},

# Electricity required for cultivation

{'"input': ('biorefdb', 'electricity'), 'amount': 30.0,
hour', 'type': 'technosphere'},

# Heat required for cultivation

'unit': 'kilowatt
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{'input': ('biorefdb', 'heat'), 'amount': 1000.0, 'unit': 'megajoule',
'type': 'technosphere'},

# Electricity required for harvesting

{'"input': ('biorefdb', 'electricity'), 'amount': 0.1, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Water required for dilution

{'input': ('biorefdb', 'water'), 'amount': 5.0, 'unit': 'kilogram', 'type':

'technosphere'},
# Electricity required for cell disruption

{'input': ('biorefdb', 'electricity'), 'amount': 50.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},
# Electricity required for centrifugation
{'"input': ('biorefdb', 'electricity'), 'amount': 0.01, 'unit': 'kilowatt
hour', 'type': 'technosphere'},
# Wastewater after harvesting, including excess nutrients
{'input': ('biorefdb', 'ww dl'), 'amount': 0.0095, 'unit': 'cubic meter',
'type': 'technosphere'},
# CO2 emissions of cultivation stage
{'input': ('biorefdb', 'GWP'), 'amount': 2.0, 'unit': 'kilogram', 'type':
'biosphere'}1},
('biorefdb', 'pathAl'): {'name': 'pathAl', 'unit': 'kilogram', 'type':
'process', 'exchanges': [

# Reference flow: treated algae biomass, dry mass

{'input': ('biorefdb', 'pathAl'), 'amount': 1.0, 'unit': 'kilogram',6 'type':

'production'},
# Cultivated algae biomass, dry mass

{'input': ('biorefdb', 'commonpath'), 'amount': 1.0, 'unit': 'kilogram',
'"type': 'technosphere'},

# Solvent required for lipid extraction (PathA)

{'input': ('biorefdb', 'ethanol'), 'amount': 0.1, 'unit': 'cubic meter',
'type': 'technosphere'},

# Electricity required for solvent extraction (PathA)

{'input': ('biorefdb', 'electricity'), 'amount': 0.0192, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for solvent extraction (PathA)

{'"input': ('biorefdb', 'heat'), 'amount': 46753.0, 'unit': 'megajoule',
'type': 'technosphere'},

# Electricity required for centrifugation (PathA)

{'input': ('biorefdb', 'electricity'), 'amount': 0.103, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Electricity required for evaporation of solvent (PathA)

{'"input': ('biorefdb', 'electricity'), 'amount': 43475.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for evaporation of solvent (PathA)

{'input': ('biorefdb', 'heat'), 'amount': 33.6, 'unit': 'megajoule', 'type':

'technosphere'},
# Electricity required for condensation of solvent (PathA)

{'"input': ('biorefdb', 'electricity'), 'amount': 43475.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Cooling energy required for condensation of solvent (PathA)

{'input': ('biorefdb', 'cooling'), 'amount': 33.6, 'unit': 'megajoule',
'type': 'technosphere'},

# Extracted lipids (PathA)

{'input': ('biorefdb', 'lipidsA'), 'amount': 0.104, 'unit': 'kilogram',
'type': 'biosphere'},

# Protein-rich residue (PathA)

{'input': ('biorefdb', 'proteinsA'), 'amount': 0.537, 'unit': 'kilogram',
'type': 'biosphere'},

# Electricity required for ultrafiltration (Pathl)

{'"input': ('biorefdb', 'electricity'), 'amount': 0.028, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Water required for diafiltration (Pathl)

{'"input': ('biorefdb', 'water'), 'amount': 49.8, 'unit': 'kilogram',6 'type':

'technosphere'},

# Electricity required for diafiltration (Pathl)

{'input': ('biorefdb', 'electricity'), 'amount': 0.0187, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Extracted polysaccarides (Pathl)

{'input': ('biorefdb', 'polysaccharidesl'), 'amount': 0.205, 'unit':
'kilogram', 'type': 'biosphere'},

# Extracted proteins (Pathl)

{'input': ('biorefdb', 'proteinsl'), 'amount': 0.154, 'unit': 'kilogram',
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'type': 'biosphere'},
# Infrstructure of biorefinery (PathAl)

{'input': ('biorefdb', 'factory'), 'amount': 4e-10, 'unit': 'piece', 'type':

'technosphere'},
# Land occupation of biorefinery (PathAl)

{'input': ('biorefdb', 'occupation'), 'amount': 1.0, 'unit': 'squaremeter
year', 'type': 'biosphere'},
# Landtransformation of biorefinery (PathAl)
{'input': ('biorefdb', 'transformation'), 'amount': 0.05, 'unit':
'squaremeter', 'type': 'biosphere'},
# Electricity required for drying (PathAl)
{'input': ('biorefdb', 'electricity'), 'amount': 43589.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},
# Heat required for drying (PathAl)
{'input': ('biorefdb', 'heat'), 'amount': 45.0, 'unit': 'megajoule', 'type':
'technosphere'}]},
('biorefdb', 'pathA2'): {'name': 'pathA2', 'unit': 'kilogram',6 'type':
'process', 'exchanges': [

# Reference flow: treated algae biomass, dry mass

{'input': ('biorefdb', 'pathA2'), 'amount': 1.0, 'unit': 'kilogram',6 'type':

'production'},
# Cultivated algae biomass, dry mass

{'input': ('biorefdb', 'commonpath'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'technosphere'},

# Solvent required for lipid extraction (PathA)

{'input': ('biorefdb', 'ethanol'), 'amount': 0.1, 'unit': 'cubic meter',
'type': 'technosphere'},

# Electricity required for solvent extraction (PathA)

{'input': ('biorefdb', 'electricity'), 'amount': 0.0192, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for solvent extraction (PathA)

{'input': ('biorefdb', 'heat'), 'amount': 46753.0, 'unit': 'megajoule',
'type': 'technosphere'},

# Electricity required for centrifugation (PathA)

{'input': ('biorefdb', 'electricity'), 'amount': 0.103, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Electricity required for evaporation of solvent (PathA)

{'"input': ('biorefdb', 'electricity'), 'amount': 43475.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for evaporation of solvent (PathA)

{'input': ('biorefdb', 'heat'), 'amount': 33.6, 'unit': 'megajoule', 'type':

'technosphere'},
# Electricity required for condensation of solvent (PathA)

{'input': ('biorefdb', 'electricity'), 'amount': 43475.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Cooling energy required for condensation of solvent (PathA)

{'input': ('biorefdb', 'cooling'), 'amount': 33.6, 'unit': 'megajoule',
'type': 'technosphere'},

# Extracted lipids (PathA)

{'input': ('biorefdb', 'lipidsA'), 'amount': 0.104, 'unit': 'kilogram',
'type': 'biosphere'},

# Protein-rich residue (PathA)

{'"input': ('biorefdb', 'proteinsA'), 'amount': 0.537, 'unit': 'kilogram',
'type': 'biosphere'},

# Water required for TPP (Path2) - optional, only if biomass content is
higher 3.75%

{'input': ('biorefdb', 'water'), 'amount': 0.925, 'unit': 'kilogram',
'type': 'technosphere'},

# Enzymes required for TPP (Path?2)

{'input': ('biorefdb', 'enzymes'), 'amount': 0.016, 'unit': 'kilogram',
'type': 'technosphere'},

# Ammonium sulphate required for TPP (Path2)

{'input': ('biorefdb', '(NH4)2S04'), 'amount': 0.4, 'unit': 'kilogram',
'type': 'technosphere'},

# Isopropanol required for TPP (Path2)

{'input': ('biorefdb', 'isopropanol'), 'amount': 1.572, 'unit': 'kilogram',
'type': 'technosphere'},

# Electricity required for TPP (Path2)

{'"input': ('biorefdb', 'electricity'), 'amount': 0.0108, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Water required for dialysis (Path2)

{'input': ('biorefdb', 'water'), 'amount': 10.0, 'unit': 'kilogram',6 'type':
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'technosphere'},
# Electricity required for dialysis (Path2)

{'input': ('biorefdb', 'electricity'), 'amount': 0.6, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Wastewater from dialysis (Path2)

{'input': ('biorefdb', 'ww dl'), 'amount': 1.0, 'unit': 'cubic meter',
'type': 'technosphere'},

# Extracted polysaccarides (Path2)
{'"input': ('biorefdb', 'polysaccharides2'), 'amount': 0.0556, 'unit':

'kilogram', 'type': 'biosphere'},

# Extracted proteins (Path2)

{'input': ('biorefdb', 'proteins2'), 'amount': 0.182, 'unit': 'kilogram',
'type': 'biosphere'},

# Infrstructure of biorefinery (PathA2)

{'input': ('biorefdb', 'factory'), 'amount': 4e-10, 'unit': 'piece', 'type':

'technosphere'},
# Land occupation of biorefinery (PathA2)

{'input': ('biorefdb', 'occupation'), 'amount': 1.0, 'unit': 'squaremeter
year', 'type': 'biosphere'},

# Landtransformation of biorefinery (PathA2)

{'"input': ('biorefdb', 'transformation'), 'amount': 0.05, 'unit':
'squaremeter', 'type': 'biosphere'},

# Electricity required for drying (PathA2)

{'input': ('biorefdb', 'electricity'), 'amount': 43589.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for drying (PathA2)

{'input': ('biorefdb', 'heat'), 'amount': 45.0, 'unit': 'megajoule', 'type':
'technosphere'},

# Electricity required for centrifugation before (TPP) -optional, only if
biomass content is below 3%

{'input': ('biorefdb', 'electricity'), 'amount': 0.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Wastewater of centrifugation before (TPP) -optional, only if biomass
content is below 3%

{'input': ('biorefdb', 'ww dl'), 'amount': 0.0, 'unit': 'cubic meter',
'type': 'technosphere'}l},
('biorefdb', 'pathBl'): {'name': 'pathBl', 'unit': 'kilogram', 'type':
'process', 'exchanges': [

# Reference flow: treated algae biomass, dry mass

{'input': ('biorefdb', 'pathBl'), 'amount': 1.0, 'unit': 'kilogram', 'type':
'production'},

# Cultivated algae biomass, dry mass

{'"input': ('biorefdb', 'commonpath'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'technosphere'},
# Ethanol required for SC-CO2 Extraction (PathB)
{'input': ('biorefdb', 'ethanol'), 'amount': 0.128, 'unit': 'kilogram',
'type': 'technosphere'},
# Electricity required for SC-CO2 Extraction (PathB)

input': iore , 'electricity'), 'amount': 0. , 'unit': ilowa
{"i t':r ('bi fdb', 'electricity'), ' t': 0.641, ' it': 'kil tt
hour', 'type': 'technosphere'},
# Electricity required for evaporation of ethanol (PathB)

input': iore , 'electricity'), 'amount': .0, 'unit': ilowa
{1 t': ('bi fdb', 'electricity'), ' t': 16862.0, ' it': 'kil tt
hour', 'type': 'technosphere'},
# Heat required for evaporation of ethanol (PathB)
{'"input': ('biorefdb', 'heat'), 'amount': 43536.0, 'unit': 'megajoule',
'type': 'technosphere'},
# Electricity required for condensation of ethanol (PathB)
{'"input': ('biorefdb', 'electricity'), 'amount': 16862.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},
# Cooling energy required for condensation of ethanol (PathB)
{'input': ('biorefdb', 'cooling'), 'amount': 43536.0, 'unit': 'megajoule',
'type': 'technosphere'},
# Extracted lipids (PathB)
{'input': ('biorefdb', 'lipidsB'), 'amount': 0.104, 'unit': 'kilogram',
'type': 'biosphere'},
# # Protein-rich residue (PathB)
{'input': ('biorefdb', 'proteinsB'), 'amount': 0.512, 'unit': 'kilogram',
'type': 'biosphere'},
# Electricity required for ultrafiltration (Pathl)
{'"input': ('biorefdb', 'electricity'), 'amount': 0.028, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Water required for diafiltration (Pathl)
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{'"input': ('biorefdb', 'water'), 'amount': 49.8, 'unit': 'kilogram',6 'type':
'technosphere'},

# Electricity required for diafiltration (Pathl)

{'"input': ('biorefdb', 'electricity'), 'amount': 0.0187, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Extracted polysaccarides (Pathl)

{'input': ('biorefdb', 'polysaccharidesl'), 'amount': 0.205, 'unit':

'kilogram', 'type': 'biosphere'},

# Extracted proteins (Pathl)

{'input': ('biorefdb', 'proteinsl'), 'amount': 0.154, 'unit': 'kilogram',
'type': 'biosphere'},

# Infrstructure of biorefinery (PathB1l)

{'input': ('biorefdb', 'factory'), 'amount': 4e-10, 'unit': 'piece', 'type':

'technosphere'},
# Land occupation of biorefinery (PathB1l)

{'"input': ('biorefdb', 'occupation'), 'amount': 1.0, 'unit': 'squaremeter
year', 'type': 'biosphere'},
# Landtransformation of biorefinery (PathBl)
{'input': ('biorefdb', 'transformation'), 'amount': 0.05, 'unit':
'squaremeter', 'type': 'biosphere'},
# Electricity required for drying (PathBl)
{'input': ('biorefdb', 'electricity'), 'amount': 43589.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},
# Heat required for drying (PathBl)
{'input': ('biorefdb', 'heat'), 'amount': 45.0, 'unit': 'megajoule', 'type':
'technosphere'}]},
('biorefdb', 'pathB2'): {'name': 'pathB2', 'unit': 'kilogram',6 'type':
'process', 'exchanges': [

# Reference flow: treated algae biomass, dry mass

{'input': ('biorefdb', 'pathB2'), 'amount': 1.0, 'unit': 'kilogram',6 'type':
'production'},

# Cultivated algae biomass, dry mass

{'input': ('biorefdb', 'commonpath'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'technosphere'},

# Ethanol required for SC-CO2 Extraction (PathB)

{'input': ('biorefdb', 'ethanol'), 'amount': 0.128, 'unit': 'kilogram',
'type': 'technosphere'},

# Electricity required for SC-CO2 Extraction (PathB)

{'input': ('biorefdb', 'electricity'), 'amount': 0.641, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Electricity required for evaporation of ethanol (PathB)

{'"input': ('biorefdb', 'electricity'), 'amount': 16862.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for evaporation of ethanol (PathB)

{'"input': ('biorefdb', 'heat'), 'amount': 43536.0, 'unit': 'megajoule',
'type': 'technosphere'},

# Electricity required for condensation of ethanol (PathB)

{'"input': ('biorefdb', 'electricity'), 'amount': 16862.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Cooling energy required for condensation of ethanol (PathB)

{'input': ('biorefdb', 'cooling'), 'amount': 43536.0, 'unit': 'megajoule',
'type': 'technosphere'},

# Extracted lipids (PathB)

{'"input': ('biorefdb', 'lipidsB'), 'amount': 0.104, 'unit': 'kilogram',
'type': 'biosphere'},

# # Protein-rich residue (PathB)

{'input': ('biorefdb', 'proteinsB'), 'amount': 0.512, 'unit': 'kilogram',
'type': 'biosphere'},

# Water required for TPP (Path2) - optional, only if biomass content is
higher 3.75%

{'input': ('biorefdb', 'water'), 'amount': 0.925, 'unit': 'kilogram',
'type': 'technosphere'},

# Enzymes required for TPP (Path2)

{'input': ('biorefdb', 'enzymes'), 'amount': 0.016, 'unit': 'kilogram',
'"type': 'technosphere'},

# Ammonium sulphate required for TPP (Path2)

{'input': ('biorefdb', '(NH4)2S04'), 'amount': 0.4, 'unit': 'kilogram',
'type': 'technosphere'},

# Isopropanol required for TPP (Path2)

{'input': ('biorefdb', 'isopropanol'), 'amount': 1.572, 'unit': 'kilogram',
'type': 'technosphere'},

# Electricity required for TPP (Path2)
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{'"input': ('biorefdb', 'electricity'), 'amount': 0.0108, 'unit': 'kilowatt
hour', 'type': 'technosphere'},
# Water required for dialysis (Path2)

{'"input': ('biorefdb', 'water'), 'amount': 10.0, 'unit': 'kilogram',6 'type':

'technosphere'},
# Electricity required for dialysis (Path2)

{'input': ('biorefdb', 'electricity'), 'amount': 0.6, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Wastewater from dialysis (Path2)

{'input': ('biorefdb', 'ww dl'), 'amount': 1.0, 'unit': 'cubic meter',
'type': 'technosphere'},

# Extracted polysaccarides (Path?2)

{'input': ('biorefdb', 'polysaccharides2'), 'amount': 0.0556, 'unit':
'kilogram', 'type': 'biosphere'},

# Extracted proteins (Path2)

{'"input': ('biorefdb', 'proteins2'), 'amount': 0.182, 'unit': 'kilogram',
'type': 'biosphere'},

# Infrstructure of biorefinery (PathB2)

{'input': ('biorefdb', 'factory'), 'amount': 4e-10, 'unit': 'piece', 'type':

'technosphere'},
# Land occupation of biorefinery (PathB2)

{'input': ('biorefdb', 'occupation'), 'amount': 1.0, 'unit': 'squaremeter
year', 'type': 'biosphere'},

# Landtransformation of biorefinery (PathB2)

{'"input': ('biorefdb', 'transformation'), 'amount': 0.05, 'unit':
'squaremeter', 'type': 'biosphere'},

# Electricity required for drying (PathB2)

{'"input': ('biorefdb', 'electricity'), 'amount': 43589.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for drying (PathB2)

{'"input': ('biorefdb', 'heat'), 'amount': 45.0, 'unit': 'megajoule', 'type':

'technosphere'},
# Electricity required for centrifugation before (TPP) -optional, only if
biomass content is below 3%
{'input': ('biorefdb', 'electricity'), 'amount': 0.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},
# Wastewater of centrifugation before (TPP) -optional, only if biomass
content is below 3%
{'input': ('biorefdb', 'ww dl'), 'amount': 0.0, 'unit': 'cubic meter',
'type': 'technosphere'}l},
# Reference products with names of datasets in ecoinvent 3.5 consequential
# Non-ionic surfactant {GLO}| non-ionic surfactant production, ethylene oxide
derivate

('biorefdb', 'surfactant'): {'name': 'surfactant', 'unit': 'kilogram',6 'type':
'process', 'exchanges': [
{'"input': ('biorefdb', 'surfactant'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'production'},
{'"input': ('biorefdb', 'GWP'), 'amount': 3.573787608, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'ODP'), 'amount': 6.35e-06, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'IR'), 'amount': 0.167546602, 'unit':
'kilobecquerel', 'type': 'biosphere'},
{'"input': ('biorefdb', 'POFPHH'), 'amount': 0.008373130999999999, 'unit':
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'PMF'), 'amount': 0.004082067, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'POFPEQ'), 'amount': 0.01002317, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'TAP'), 'amount': 0.009541993, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'FEP'), 'amount': 0.000876223, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'MEP'), 'amount': 0.002523184, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'TETP'), 'amount': 9.711496295, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'FETP'), 'amount': 0.19278824100000003, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'METP'), 'amount': 0.176157037, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'HCTP'), 'amount': 0.108211368, 'unit': 'kilogram',

155



Appendix B

3112
3113
3114
3115
3116

3117
3118

3119
3120
3121
3122
3123
3124
3125
3126
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3129
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3131
3132
3133
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3135
3136
3137

3138
3139

3140
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3142
3143
3144
3145
3146
3147

3148

'type': 'biosphere'},
{'"input': ('biorefdb', 'HNCTP'), 'amount': 4.003204053, 'unit'
'type': 'biosphere'},
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: 'kilogram',

{'"input': ('biorefdb', 'LU'), 'amount': 1.630109553, 'unit': 'squaremeter

year', 'type': 'biosphere'},
{'input': ('biorefdb', 'MRD'), 'amount': 0.013519456000000001,
'kilogram', 'type': 'biosphere'},

'unit':

{'"input': ('biorefdb', 'FFD'), 'amount': 1.58879178, 'unit': 'kilogram',

'type': 'biosphere'},
{'input': ('biorefdb', 'H20'), 'amount':
'"type': 'biosphere'}l},
# Protein feed, 100% crude {GLO}| market for
('biorefdb', 'protein feed'):
'type': 'process', 'exchanges': [
{'input': ('biorefdb', 'protein feed'), 'amount': 1.0, 'unit':
'"type': 'production'},
{'input': ('biorefdb', 'GWP'), 'amount':
'kilogram', 'type': 'biosphere'},

0.23974453, 'unit': 'cubic meter',

{'name': 'protein feed', 'unit': 'kilogram',

'kilogram',

7.3135696370000005, 'unit':

{'input': ('biorefdb', 'ODP'), 'amount': =7.67e-06, 'unit': 'kilogram',

'type': 'biosphere'},
{"input': ('biorefdb', 'IR'), 'amount': -=-0.023477968, 'unit':
'kilobecquerel', 'type': 'biosphere'},

{'input': ('biorefdb', 'POFPHH'), 'amount': 0.0015728839999999999, 'unit':

'kilogram', 'type': 'biosphere'},
{"input': ('biorefdb', 'PMF'), 'amount': 0.004774945, 'unit':
'type': 'biosphere'},

{'"input': ('biorefdb', 'POFPEQ'), 'amount': 0.002542415, 'unit
'type': 'biosphere'},

{'"input': ('biorefdb', 'TAP'), 'amount': =-0.007876243, 'unit':
'type': 'biosphere'},

{'input': ('biorefdb', 'FEP'), 'amount':
'kilogram', 'type': 'biosphere',

'kilogram',
': 'kilogram',

'kilogram',

0.00010248100000000001, 'unit':
'output': ('biorefdb', 'protein feed')},

{'input': ('biorefdb', 'MEP'), 'amount': -0.0038912559999999996, 'unit':

'kilogram', 'type': 'biosphere'},

{"input': ('biorefdb', 'TETP'), 'amount': =-1.6105240980000002,
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'FETP'), 'amount': 0.025934677000000003
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'METP'), 'amount': =-0.036448784, 'unit'
'type': 'biosphere'},

{'input': ('biorefdb', 'HCTP'), 'amount': -0.016538496, 'unit'
'type': 'biosphere'},

{"input': ('biorefdb', 'HNCTP'), 'amount': =3.9890310610000004
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'LU'), 'amount':
year', 'type': 'biosphere'},

{'"input': ('biorefdb', 'MRD'), 'amount': =0.008187308, 'unit':
'type': 'biosphere'},

{'input': ('biorefdb', 'FED'), 'amount': 0.056895017, 'unit':
'type': 'biosphere'},

'unit':
, 'unit':
: 'kilogram',
: 'kilogram',

, 'unit':

8.89736254, 'unit': 'squaremeter

'kilogram',

'kilogram',

{'input': ('biorefdb', 'H20'), 'amount': =-0.570542564, 'unit': 'cubic
meter', 'type': 'biosphere'}l},

# Energy feed, gross {GLO}| market for

('biorefdb', 'energy feed'): {'name': 'energy feed', 'unit': 'megajoule’,

'type': 'process', 'exchanges': [
{'input': ('biorefdb', 'energy feed'), 'amount': 1.0,
'type': 'production'},

'unit':

'megajoule’,

{"input': ('biorefdb', 'GWP'), 'amount': -0.0040823790000000006, 'unit':

'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'ODP'), 'amount': 7.37e-07, 'unit': 'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'IR'), 'amount': 0.000651737, 'unit':
'kilobecquerel', 'type': 'biosphere'},

{'"input': ('biorefdb', 'POFPHH'), 'amount': 0.000122428, 'unit
'type': 'biosphere'},

{"input':
'type': 'biosphere'},

{'"input': ('biorefdb', 'POFPEQ'), 'amount': 0.000118854, 'unit
'type': 'biosphere'},

{"input': ('biorefdb', 'TAP'), 'amount': 0.000329718, 'unit':
'type': 'biosphere'},

{'input':

': 'kilogram',

('biorefdb', 'PMF'), 'amount': 4.92e-05, 'unit': 'kilogram',

': 'kilogram',

'kilogram',

('biorefdb', 'FEP'), 'amount': 1.62e-05, 'unit': 'kilogram',
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3149
3150
3151
3152
3153
3154
3155
3156
3157
3158

3159
3160

3161
3162
3163
3164
3165
3166
3167
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3169
3170
3171
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3174
3175
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3180
3181

3182
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3184

3185

'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',

'squaremeter year', 'type':

{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'"type': 'biosphere'}]l}
# Maize grain, feed {GLO}|

'MEP'), 'amount': 0.000191107, 'unit': 'kilogram',

'"TETP'), 'amount': 0.140524227, 'unit': 'kilogram',

'"FETP'), 'amount': 0.001276356, 'unit': 'kilogram',

'METP'), 'amount': 0.002229499, 'unit': 'kilogram',

'"HCTP'), 'amount': 0.001193693, 'unit': 'kilogram',

'"HNCTP'), 'amount': 0.08034274, 'unit': 'kilogram',

'LU"), 'amount': 0.060244334000000004, 'unit':
'biosphere'},

'MRD'), 'amount': 0.000359877, 'unit': 'kilogram',
'"FFD'), 'amount': 0.007236376, 'unit': 'kilogram',
'H20'"), 'amount': 0.014981525, 'unit': 'cubic meter',

4
market for

('biorefdb', 'maize'): {'name': 'maize', 'unit': 'kilogram', 'type': 'process',
'exchanges': [
{'input': ('biorefdb', 'maize'), 'amount': 1.0, 'unit': 'kilogram',6 'type':
'production'},
{'input': ('biorefdb', 'GWP'), 'amount': 0.617663539, 'unit': 'kilogram',

'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',

'kilobecquerel', 'type':

{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'kilogram', 'type':
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',

'ODP'), 'amount': 5.56e-06, 'unit': 'kilogram',
'"IR'"), 'amount': =-0.011471893, 'unit':

'biosphere'},

'"POFPHH'), 'amount': 0.001687469, 'unit': 'kilogram',
'"PMEF'), 'amount': 0.002011463, 'unit': 'kilogram',
'"POFPEQ'), 'amount': 0.001719988, 'unit': 'kilogram',
'"TAP'), 'amount': 0.00490815, 'unit': 'kilogram',

'"FEP'), 'amount': 0.000521102, 'unit': 'kilogram',

'MEP'), 'amount': 0.0008341830000000001, 'unit':

'biosphere'},

'"TETP'), 'amount': 1.554155846, 'unit': 'kilogram',

'"FETP'), 'amount': 0.023914166, 'unit': 'kilogram',

'METP'), 'amount': 0.029061747000000002, 'unit':

'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'kilogram',
{'"input': ('biorefdb',

'squaremeter year', 'type':

{'input': ('biorefdb',

'"HCTP'), 'amount': 0.026263312, 'unit': 'kilogram',

"HNCTP'), 'amount': 0.46349127799999995, 'unit':

'type': 'biosphere'},

'LU'), 'amount': 0.7695256570000001, 'unit':
'biosphere'},
'MRD'), 'amount': 0.0030003609999999996, 'unit':

'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb',

'"FED'"), 'amount': 0.12420566400000001, 'unit':

'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb',

'H20'"), 'amount': 0.17561734699999998, 'unit': 'cubic

meter', 'type': 'biosphere'}l},
# Palm oil, crude {GLO}| market for

('biorefdb', 'palm oil'):
'process', 'exchanges': [
{'input': ('biorefdb',
'type': 'production'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',

{'name': 'palm oil', 'unit': 'kilogram',6 'type':
'palm o0il'), 'amount': 1.0, 'unit': 'kilogram',
'GWP'), 'amount': 2.514341035, 'unit': 'kilogram',

'ODP'), 'amount': 8.44e-06, 'unit': 'kilogram',

'TR"), 'amount': =-0.010119998, 'unit':
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3186
3187
3188
3189
3190
3191
3192
3193
3194
3195
3196
3197
3198
3199
3200

3201
3202

3203
3204
3205
3206
3207
3208
3209
3210
3211
3212
3213
3214
3215
3216
3217
3218
3219
3220

3221

'kilobecquerel', 'type': 'biosphere'},

{'input': ('biorefdb', 'POFPHH'), 'amount': 0.002319165, 'unit': 'kilogram',

'type': 'biosphere'},
{"input': ('biorefdb', 'PMF'), 'amount': 0.00273598, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'POFPEQ'), 'amount': 0.002616215, 'unit': 'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'TAP'), 'amount': 0.006006049, 'unit': 'kilogram',
'type': 'biosphere'},

{"input': ('biorefdb', 'FEP'), 'amount': 0.00018320900000000001, 'unit':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'MEP'), 'amount': 0.004010782, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'TETP'), 'amount': 1.84727535, 'unit': 'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'FETP'), 'amount': 0.013794791, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'METP'), 'amount': 0.014353221000000001, 'unit':
'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'HCTP'), 'amount': 0.011144452, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'HNCTP'), 'amount': -0.066786611, 'unit': 'kilogram',

'type': 'biosphere'},

{'input': ('biorefdb', 'LU'), 'amount': 1.526610386, 'unit': 'squaremeter
year', 'type': 'biosphere'},

{"input': ('biorefdb', 'MRD'), 'amount': 0.0018974270000000001, 'unit':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'FFD'), 'amount': -0.10790066699999999, 'unit':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'H20'), 'amount': 0.021032526, 'unit': 'cubic meter',

'type': 'biosphere'}l},

# Reference systems
('biorefdb', 'refAl'): {'name': 'refAl', 'unit': 'piece', 'type': 'process',
'exchanges': [

{'input': ('biorefdb', 'refAl'), 'amount': 1.0, 'unit': 'piece', 'type':
'production'},

{'input': ('biorefdb', 'surfactant'), 'amount': 0.25, 'unit': 'kilogram',
'"type': 'technosphere'},
{'input': ('biorefdb', 'protein feed'), 'amount': 0.15, 'unit': 'kilogram',
'type': 'technosphere'},
{'"input': ('biorefdb', 'maize'), 'amount': 0.25, 'unit': 'kilogram',6 'type':
'technosphere'},
{'input': ('biorefdb', 'palm oil'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},
{'input': ('biorefdb', 'energy feed'), 'amount': 0.1, 'unit': 'kilogram',
'type': 'technosphere'}l},
('biorefdb', 'refA2'): {'name': 'refA2', 'unit': 'piece', 'type': 'process',
'exchanges': [

{'input': ('biorefdb', 'refA2'), 'amount': 1.0, 'unit': 'piece', 'type':
'production'},

{'input': ('biorefdb', 'surfactant'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},
{'input': ('biorefdb', 'protein feed'), 'amount': 0.15, 'unit': 'kilogram',

'type': 'technosphere'},

{'input': ('biorefdb', 'maize'), 'amount': 0.25, 'unit': 'kilogram', 'type':

'technosphere'},

{'input': ('biorefdb', 'palm oil'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},
{'input': ('biorefdb', 'energy feed'), 'amount': 0.1, 'unit': 'kilogram',
'type': 'technosphere'}l},
('biorefdb', 'refB1l'): {'name': 'refBl', 'unit': 'piece', 'type': 'process',
'exchanges': [

{'input': ('biorefdb', 'refB1l'), 'amount': 1.0, 'unit': 'piece', 'type':
'production'},

{'input': ('biorefdb', 'surfactant'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},
{'input': ('biorefdb', 'protein feed'), 'amount': 0.15, 'unit': 'kilogram',

'type': 'technosphere'},

{'input': ('biorefdb', 'maize'), 'amount': 0.25, 'unit': 'kilogram',6 'type':

'technosphere'},
{'input': ('biorefdb', 'palm oil'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},
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{'input': ('biorefdb', 'energy feed'), 'amount': 0.1, 'unit': 'kilogram',
'type': 'technosphere'}l},
('biorefdb', 'refB2'): {'name': 'refB2', 'unit': 'piece', 'type': 'process',
'exchanges': [
{'input': ('biorefdb', 'refB2'), 'amount': 1.0, 'unit': 'piece', 'type':
'production'},
{'input': ('biorefdb', 'surfactant'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},
{'input': ('biorefdb', 'protein feed'), 'amount': 0.15, 'unit': 'kilogram',
'type': 'technosphere'},
{'"input': ('biorefdb', 'maize'), 'amount': 0.25, 'unit': 'kilogram', 'type':
'technosphere'},
{'input': ('biorefdb', 'palm o0il'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'}, B
{'input': ('biorefdb', 'energy feed'), 'amount': 0.1, 'unit': 'kilogram',
'type': 'technosphere'}l},

}
db.write(bioref data scenlQ)

#Life Cycle Impact Assessment for scenario 10
iteration = 4000

data = []

ca cattle = pd.DataFrame ()

for i in range(iteration):
time = datetime.datetime.today() .strftime('%HZM")

print(time+': '+str(i))
param names = []
param values = []

project param(param names, param values, inval, i)

database param(param names, param values)

activity param(param names, param values)

LCIA cattle(ca cattle, i, iteration, param names, param values, datestr)
data.append(param values)

df = pd.DataFrame(data, columns = param names)
df.to_csv('{}\\results cattle.csv'.format (datestr))
df

# boxplots of contribution analysis for each impact category and system
sys = ['Al", 'A2', 'B1', 'B2']
Im = list(methods)

ic =[]
for i in 1m:
ic.append(i[2])

for s in sys:
for c in ic:

IC = str(c)
ca cattle filtered = ca cattle.filter(like=IC+' '+s).copy()
ca cattle filtered['Total']= ca cattle filtered.sum(axis=1)
ca_cattle short = ca cattle filtered.query('Total != 0")
ca cattle short = ca cattle short.T
ca_cattle short = ca cattle short[:-1]

ca_cattle short.to csv('{}\\{} {} contribution statistics cattle.csv'.format (d
atestr, s, IC))

# # Part E: Analysis of Results to Identify Favourable Runs

#import excel sheet with results of all scenario
rs = pd.read excel("Scenario Analysis\\200210 Scen Results Final.xlsx",
sheet name=[0,1,2,3,4,5,6,7,8,9,10], index col=0)
res = [rs[0], rs[l], rs[2], rs[3], rs[4], rs[5], rs[6], rs[7], rs[8], rs[9], rs[10]]
results = res[0].join(res[1:])

#calculation of endpoint results
aop mp = pd.DataFrame ()
aop_ep = pd.DataFrame ()
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sys
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= ['Al', 'A2', 'Bl', 'B2']

for s in sys:

#reference scenario

aop mp['ref{} GWPHH'.format(s)]= res[0]['CWP ref{}'.format(s)].multiply(9.28E-7)
aop mp['ref{} GWPEQT'.format(s)]= res[0]['GWP ref{}'.format(s)].multiply(2.80E-9)
aop mp['ref{} GWPEQA'.format(s)]= res[0]['CWP ref{}'.format(s)].multiply(7.65E-14)
aop mp['ref{} ODPHH'.format(s)]= res[0]['ODP ref{}'.format(s)].multiply(5.31E-4)
aop mp['ref{} IRHH'.format(s)]= res[0]['IR ref{}'.format(s)].multiply(8.50E-9)

aop mp['ref{} PMFHH'.format(s)]= res[0]['PMF ref{}'.format(s)].multiply(6.29E-4)
aop_mp['ref{} POFPHH'.format(s)]=

res[0] ['POFPHH ref{}'.format(s)].multiply(9.10E-7)

aop mp['ref{} POFPEQ'.format(s)]=

res[0]['POFPEQ ref{}'.format(s)].multiply(1l.29E-7)

aop mp['ref{} TAPEQ'.format(s)]= res[0]['TAP ref{}'.format(s)].multiply(2.12E-7)
aop_mp['ref{} FEPEQ'.format(s)]= res[0]['FEP ref{}'.format(s)].multiply(6.71E-7)
aop mp['ref{} MEPEQ'.format(s)]= res[0]['MEP ref{}'.format(s)].multiply(1.70E-9)
aop_mp['ref{} TETPEQ'.format(s)]=

res[0]['TETP ref{}'.format(s)].multiply(1.14E-11)

aop mp['ref{} FETPEQ'.format(s)]=

res[0] ['FETP ref{}'.format(s)].multiply(6.95E-10)

aop mp['ref{} METPEQ'.format(s)]=

res[0] ['METP ref{}'.format(s)].multiply(1.05E-10)

aop mp['ref{} HCTPHH'.format(s)]= res[0]['HCTP ref{}'.format(s)].multiply(3.32E-6)
aop mp['ref{} HNCTPHH'.format(s)]=

res[0] ["HNCTP ref{}'.format(s)].multiply(2.28E-7)

aop mp['ref{} H20HH'.format(s)]= res[0]['H20 ref{}'.format(s)].multiply(2.22E-6)
aop mp['ref{} H20EQT'.format(s)]= res[0]['H20 ref{}'.format(s)].multiply(1.35E-8)
aop mp['ref{} H20EQA'.format(s)]= res[0]['H20 ref{}'.format(s)].multiply(6.04E-13)
aop mp['ref{} LUEQ'.format(s)]= res[0]['LU ref{}'.format(s)].multiply(8.88E-09)
aop mp['ref{} MRDRES'.format(s)]= res[0]['MRD ref{}'.format(s)].multiply(0.23)

aop mp['ref{} FFDRES'.format(s)]= res[O]['FFD ref{}'.format(s)].multiply(0.457)

aop_ep['ref{} HH'.format(s)] = (aop mp['ref{} GWPHH'.format(s)] +
aop mp['ref{} ODPHH'.format (s)]
+ aop mp['ref{} TRHH'.format(s)] +
aop mp['ref{} PMFHH'.format (s)]
+ aop mp['ref{} POFPHH'.format(s)] +
aop mp['ref{} HCTPHH'.format(s)]
+ aop mp['ref{} HNCTPHH'.format(s)] +
aop mp['ref{} H20HH'.format(s)])
aop_ep['ref{} EQ'.format(s)] = (aop _mp['ref{} GWPEQT'.format(s)] +
aop mp['ref{} GWPEQA'.format(s)]
+ aop mp['ref{} POFPEQ'.format(s)] +
aop mp['ref{} TAPEQ'.format(s)]
+ aop mp['ref{} FEPEQ'.format(s)] +
aop mp['ref{} MEPEQ'.format (s)]
+ aop mp['ref{} TETPEQ'.format(s)] +
aop mp['ref{} FETPEQ'.format(s)]
+ aop mp['ref{} METPEQ'.format(s)] +
aop mp['ref{} H20EQT'.format(s)]
+ aop mp['ref{} H20EQA'.format(s)] +
aop mp['ref{} LUEQ'.format(s)])
aop_ep['ref{} RES'.format(s)] = (aop mp['ref{} MRDRES'.format(s)] +
aop mp['ref{} FFDRES'.format(s)])

fscenario 1-10
for i in range(l,11):

aop mp['Scen{} GWPHH {}'.format(i, s)]= res[i]['Scen{} GWP {}'.format (i,
s)].multiply(9.28E-7)
aop mp['Scen{} GWPEQT {}'.format(i, s)]= res[i]['Scen{} GWP {}'.format (i,
s)].multiply(2.80E-9)
aop mp['Scen{} GWPEQA {}'.format(i, s)]= res[i]['Scen{} GWP {}'.format (i,

s)].multiply(7.65E-14)

aop mp['Scen{} ODPHH {}'.format(i, s)]= res[i]['Scen{} ODP {}'.format(i,
s)].multiply(5.31E-4)

aop mp['Scen{} IRHH {}'.format(i, s)]= res[i]['Scen{} IR {}'.format(i,
s)].multiply(8.50E-9)

aop mp['Scen{} PMFHH {}'.format(i, s)]= res[i]['Scen{} PMF {}'.format(i,
s)].multiply(6.29E-4)

aop mp['Scen{} POFPHH {}'.format(i, s)]= res[i]['Scen{} POFPHH {}'.format(i,
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3333
3334
3335
3336
3337
3338
3339
3340
3341
3342
3343
3344
3345
3346
3347
3348
3349
3350

3351

3352

3353

3354

3355

3356

3357

3358

3359

3360

3361
3362
3363
3364
3365
3366
3367
3368

s)].multiply(9.10E-7)

aop mp['Scen{} POFPEQ {}'.format(i, s)]= res[i]['Scen{} POFPEQ {}'.format (i,
s)].multiply(1.29E-7)

aop mp['Scen{} TAPEQ {}'.format(i, s)]= res[i]['Scen{} TAP {}'.format(i,
s)].multiply(2.12E-7)

aop mp['Scen{} FEPEQ {}'.format(i, s)]= res[i]['Scen{} FEP {}'.format(i,
s)].multiply(6.71E-7)

aop mp['Scen{} MEPEQ {}'.format(i, s)]= res[i]['Scen{} MEP {}'.format (i,
s)].multiply(1.70E-9)

aop mp['Scen{} TETPEQ {}'.format(i, s)]= res[i]['Scen{} TETP {}'.format(i,
s)].multiply(1.14E-11)

aop mp['Scen{} FETPEQ {}'.format(i, s)]= res[i]['Scen{} FETP {}'.format(i,
s)].multiply(6.95E-10)

aop mp['Scen{} METPEQ {}'.format(i, s)]= res[i]['Scen{} METP {}'.format (i,
s)].multiply(1.05E-10)

aop_mp['Scen{} HCTPHH {}'.format(i, s)]= res[i]['Scen{} HCTP {}'.format (i,
s)].multiply(3.32E-06)

aop _mp['Scen{} HNCTPHH {}'.format(i, s)]= res[i]l['Scen{} HNCTP {}'.format(i,
s)].multiply(2.28E-7)

aop mp['Scen{} H20HH {}'.format(i, s)]= res[i]['Scen{} H20 {}'.format(i,
s)].multiply(2.22E-6)

aop mp['Scen{} H20EQT {}'.format(i, s)]= res[i]['Scen{} H20 {}'.format (i,
s)].multiply(l.35E-8)

aop mp['Scen{} H20EQA {}'.format(i, s)]= res[i]['Scen{} H20 {}'.format (i,

s)].multiply(6.04E-13)
aop_mp['Scen{} LUEQ {}'.format(i, s)]= res[i]['Scen{} LU {}'.format(i,
s)].multiply(8.88E-09)

aop _mp['Scen{} MRDRES {}'.format(i, s)]= res[i]['Scen{} MRD {}'.format (i,
s)].multiply(0.23)
aop mp['Scen{} FFDRES {}'.format(i, s)]= res[i]['Scen{} FFD {}'.format(i,

s)].multiply(0.457)

aop_epl['Scen{} HH {}'.format(i, s)] = (aop mp['Scen{} GWPHH {}'.format (i,

s)] + aop mp['Scen{} ODPHH {}'.format(i, s)]
+ aop mp['Scen{} IRHH {}'.format(i,
s)] +
aop mp['Scen{} PMFHH {}'.format(i, s)]
+ aop mp['Scen{} POFPHH {}'.format (i,
s)] +
aop mp['Scen{} HCTPHH {}'.format(i, s)]
+
aop mp['Scen{} HNCTPHH {}'.format (i,
s)] +
aop mp['Scen{} H20HH {}'.format(i, s)])
aop epl['Scen{} EQO {}'.format(i, s)] = (aop mp['Scen{} GWPEQT {}'.format (i,
s)] + aop mp['Scen{} GWPEQA {}'.format(i, s)]
+ aop mp['Scen{} POFPEQ {}'.format(i,
s)] +
aop mp['Scen{} TAPEQ {}'.format(i, s)]
+ aop mp['Scen{} FEPEQ {}'.format(i,
s)] +

aop mp['Scen{} MEPEQ {}'.format(i, s)]
+ aop mp['Scen{} TETPEQ {}'.format (i,
s)] +

aop mp['Scen{} FETPEQ {}'.format(i, s)]
+ aop mp['Scen{} METPEQ {}'.format (i,
s)] +

aop mp['Scen{} H20EQT {}'.format(i, s)]
+ aop mp['Scen{} H20EQA {}'.format(i,

s)] +
aop mp['Scen{} LUEQ {}'.format(i, s)])
aop_ep['Scen{} RES {}'.format(i, s)] = (aop_mp['Scen{} MRDRES {}'.format(i,

s)] + aop mp['Scen{} FFDRES {}'.format(i, s)])

# benchmarking of performance of scenarios for areas of protection

sys = ['Al", 'A2', 'B1', 'B2']
aop = ['HH', '"EQ', 'RES']
fav_runs = pd.DataFrame(columns = ['pos runs', 'neg runs'])

for s in sys:
for i in range(1,11):

161
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3369 for a in aop:

3370 scen = s+' Scen'+4str(i)+' '+a

3371 pos = 0

3372 neg = 0

3373 dif = aop ep['ref{} {}'.format(s, a)] - aop_epl['Scen{} {} {}'.format(i,

a, s)l

3374 for x in range(0,4000):

3375 if dif[x] > O:

3376 pos = pos +1

3377 else:

3378 neg = neg +1

3379 fav_runs = fav runs.append(pd.DataFrame ([[scen, pos/4000, neg/400011,

3380 columns = ['Scenario', 'pos
runs', 'neg runs'l),

3381 ignore index = True, sort=True)

3382 fav_runs.style.format ({

3383 'pos runs': '{:,.0%}'.format,

3384 'neg runs': '"{:,.0%}'.format

3385 1)

3386

3387 # benchmarking of performance of scenarios for most important midpoints

3388 sys = ['A1', 'A2"', 'BI1', 'B2']

3389 aop = ['GWPHH', 'FFDRES']

3390 fav_runs = pd.DataFrame(columns = ['pos runs', 'neg runs'l])

3391

3392 for s in sys:

3393 for i in range(l,11):

3394 for a in aop:

3395 scen = s+' Scen'4str(i)+' '+a

3396 pos = 0

3397 neg = 0

3398 dif = aop mp['ref{} {}'.format(s, a)] - aop mp['Scen{} {} {}'.format(i,

a, s)l

3399 for x in range(0,4000):

3400 if dif[x] > O:

3401 pos = pos +1

3402 else:

3403 neg = neg +1

3404 fav_runs = fav runs.append(pd.DataFrame ([[scen, pos/4000, neg/400011,

3405 columns = ['Scenario', 'pos
runs', 'neg runs'l),

3406 ignore index = True, sort=True)

3407 fav_runs.style.format ({

3408 'pos runs': "{:,.0%}'".format,

3409 'neg runs': '{:,.0%}"'.format

3410 1)

3411

3412 #comparison of biorefinery and reference runs on endpoint level

3413 sys = ['Al", 'A2', 'B1', 'B2']

3414  aop = ['HH', 'EQ', 'RES']

3415 #parameters to insert new columns at the correct position
3416 p =25

3417 qg=5

3418 for s in sys:

3419 for i in range(1,11):

3420 for a in aop:

3421 #adjust position for next column

3422 p = p+l

3423 qg = g+2

3424 pos = []

3425 #difference between reference system and biorefinery

3426 dif = aop _ep['ref{} {}'.format(s, a)] - aop epl['Scen{} {} {}'.format(i,
a, s)l

3427 #deviation of reference system from biorefinery

3428 dev = abs(dif/aop ep['ref{} {}'.format(s, a)l)

3429 for x in range(0,4000):

3430 if dif[x] > O:

3431 pos.append('yves'")

3432 else:

3433 pos.append('no')

3434 aop _ep.insert(p, 'fav {} scen{} {}'.format(s, i, a), pos)

3435 aop_ep.insert(q, 'devi{}iscen{}:{}'.format(s, i, a), dev)
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3436 #adjust position for next column
3437 p = p+6

3438 g = g+3

3439 #adjust position for next column
3440 p = p+3

3441 g = g+3

3442 aop_ep.to _csv('{}\\aop ep.csv'.format (datestr))
3443 aop_ep

3444

3445 #identification of favourable runs on endpoint level

3446 sig prom scen = pd.DataFrame(columns = ['System', 'Scenario', 'Run'l])

3447  sys = ['Al', 'A2', 'Bl', 'B2']

3448

3449 for s in sys:

3450 for i in range(l,11):

3451 hh fav _run = aop_ep['fav {} scen{} HH'.format(s, 1i)]

3452 hh dev _run = aop epl['dev {} scen{} HH'.format(s, 1i)]

3453 eq_fav_run = aop_ep['fav {} scen{} EQ'.format(s, 1i)]

3454 eq_dev_run = aop_ep['dev {} scen{} EQ'.format(s, 1i)]

3455 res fav _run = aop ep['fav {} scen{} RES'.format(s, 1i)]

3456 res_dev_run = aop_ep['dev {} scen{} RES'.format(s, 1)]

3457 for x in range(0,4000):

3458 fav = 0

3459 hh dev = 0

3460 eq dev = 0

3461 res dev = 0

3462 a

3463 if hh fav run[x] == 'yes':

3464 if hh dev run[x] >= 0.1:

3465 fav = fav+l

3466

3467 if eq fav run[x] == 'yes':

3468 if eq dev_run[x] >= 0.1:

3469 fav = fav+l

3470

3471 if res fav_run[x] == 'yes':

3472 if res dev _run[x] >= 0.1:

3473 fav = fav+l

3474

3475 if fav ==

3476 sig prom scen = sig prom scen.append (

3477 pd.DataFrame([[s, i, x]], columns = ['System', 'Scenario',
'Run']), ignore_ index = True, sort=True)

3478 sig prom_ scen

3479

3480 #summary of results

3481 a = sig _prom scen['System']
3482 print(a.value_ counts())

3483 b = sig prom scen['Scenario']
3484 print(b.value counts())
3485

3486 #identification of favourable runs including GWP and FFP
3487 prom_amount = len(sig prom scen)

3488 gwp = []

3489 ffd = [1]

3490

3491 for x in range (0, prom amount):

3492 run = sig prom scen.iloc[x]['Run']

3493 scen = sig prom scen.iloc[x]['Scenario']

3494 sys = sig prom scen.iloc[x]['System']

3495 ref system = res[0]['CWP ref{}'.format (sys)]

3496 system = res[scen]['Scen{} GWP {}'.format(scen, sys)]
3497 if ref system[run] > system[run]:

3498 gwp.append('vyes')

3499 else:

3500 gwp .append ('no')

3501 ref system = res[0]['FFD ref{}'.format(sys)]

3502 system = res[scen]['Scen{} FFD {}'.format(scen, sys)]
3503 if ref system[run] > system[run]:

3504 ffd.append('ves'")

3505

3506 else:
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3507
3508
3509
3510
3511
3512
3513
3514
3515
3516
3517
3518
3519
3520
3521
3522
3523
3524
3525
3526
3527
3528
3529
3530
3531
3532
3533
3534
3535
3536
3537

3538
3539
3540
3541
3542
3543
3544
3545
3546
3547
3548
3549
3550
3551
3552
3553
3554
3555
3556
3557
3558
3559
3560
3561
3562
3563
3564
3565
3566
3567
3568
3569
3570
3571
3572
3573
3574
3575
3576
3577

ffd.append('no')
sig prom scen['GWP'] = gwp
sig prom _scen['FFD'] = ffd

#filter results for favourable runs in all categories

sig prom scen fi = sig prom scen[sig prom scen['FFD'] == 'yes']
sig prom scen final = sig prom scen fi[sig prom scen fi['CWP'] ==
sig prom_scen_ final

#summary of results

a = sig prom scen final['System']
print(a.value counts())
b = sig prom scen final['Scenario']

print(b.value counts())

#summary of results per system

al = sig prom scen final[sig prom scen final['System'] == 'Al'"]
bl = sig prom scen final[sig prom scen final['System'] == 'B1']
al scen = al['Scenario']

prInt(al_scen.value_counts())
bl scen = bl['Scenario']
print (bl scen.value counts())

#results per system and scenario

al 9 = al[al['Scenario'] == 9]
bl 8 = bl[bl['Scenario'] == 8]
bl 9 = bl[bl['Scenario'] == 9]

164

'yes']

# mark favourable runs in the file with the input sample for further analysis in excel
inval = pd.read csv('20200207 1622\\input values.csv', header = 0, index col=0, sep

- n)
= ,

prom runs = al 9['Run'].unique().tolist()
runs = len(prom runs)
for i in range(0,runs):

run = prom runs[i]

inval.loc[run, 'fav al 9'] =1

prom _runs = bl 8['Run'].unique().tolist()
runs = len(prom runs)
for i in range(0,runs):

run = prom_runs[i]

inval.loc[run, 'fav bl 8'] =1

prom runs = bl S['Run'].unique().tolist()
runs = len(prom_runs)
for i in range(0,runs):

run = prom runs[i]

inval.loc[run, 'fav bl 9'] =1

inval.to csv('{}\\input values fav.csv'.format (datestr))

#analysis of favourable runs at midpoint level

#create lists with all favourable systems and scenarios

sys rev = sig prom scen final['System'].unique().tolist()
scen_rev = sig prom scen final['Scenario'].unique().tolist()
#create empty dictionary for results

comp = {}

for s in sys_rev:
for scen in scen rev:
s_scen = str(s) +' '+ str(scen)
comp[s scen] = pd.DataFrame ()

result s = sig prom scen final[sig prom scen final['System'] == s]

result s scen = result s[result s['Scenario'] == scen]

comp[s scen]['Run'] = results.index.tolist()
for i in range(len(comp[s scen]['Run'])):
run = comp[s scen]['Run'][1i]
if res[0]['GWP ref{}'.format(s)][run] >
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3579
3580
3581
3582

3583
3584
3585
3586
3587

3588
3589
3590
3591
3592

3593
3594
3595
3596
3597

3598
3599
3600
3601
3602

3603
3604
3605
3606
3607

3608
3609
3610
3611
3612

3613
3614
3615
3616
3617

3618
3619
3620
3621
3622

3623
3624
3625
3626
3627

3628
3629
3630
3631
3632

3633
3634
3635
3636
3637
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res[scen] ['Scen{} GWP {}'.format(scen, s)][run]:
comp[s scen].loc[i, 'GWP'] =1

else:
comp[s scen].loc[i, 'GWP'] = 0

if res[0]['ODP ref{}'.format(s)][run] >
res[scen] ['Scen{} ODP {}'.format(scen, s)][run]:
comp[s scen].loc[i, 'ODP'] = 1
else:
comp[s scen].loc[i, 'ODP'] = 0

if res[O0]['IR ref{}'.format(s)][run] >
res[scen] ['Scen{} IR {}'.format(scen, s)][run]:
comp[s scen].loc[i, 'IR'] =1
else:
comp[s scen].loc[i, '"IR'] = 0

if res[0]['POFPHH ref{}'.format(s)][run] >
res[scen] ['Scen{} POFPHH {}'.format(scen, s)][run]:
comp[s scen].loc[i, 'POFPHH'] = 1
else:
comp[s scen].loc[i, 'POFPHH']

|
o

if res[O]['PMF ref{}'.format(s)][run] >
res[scen] ['Scen{} PMF {}'.format(scen, s)][run]:
comp[s_scen].loc[i, 'PME'] =1
else:
comp[s_scen].loc[i, 'PME'] = 0

if res[0]['POFPEQ ref{}'.format(s)][run] >
res[scen] ['Scen{} POFPEQ {}'.format(scen, s)][run]:
comp[s scen].loc[i, 'POFPEQ'] = 1
else:
comp[s scen].loc[i, 'POFPEQ']

|
o

if res[O0]['TAP ref{}'.format(s)][run] >
res[scen] ['Scen{} TAP {}'.format(scen, s)][run]:
comp[s_scen].loc[i, 'TAP'] =1
else:
comp[s scen].loc[i, 'TAP'] = 0

if res[O0]['FEP ref{}'.format(s)][run] >
res[scen] ['Scen{} FEP {}'.format(scen, s)][run]:
comp[s scen].loc[i, 'FEP'] =1
else:
comp[s scen].loc[i, '"FEP'] = 0

if res[0]['MEP ref{}'.format(s)][run] >
res[scen] ['Scen{} MEP {}'.format(scen, s)][run]:
comp[s scen].loc[i, 'MEP'] =1
else:
comp[s scen].loc[i, 'MEP'] = 0

if res[O0]['TETP ref{}'.format(s)][run] >
res[scen] ['Scen{} TETP {}'.format(scen, s)][run]:
comp[s scen].loc[i, 'TETP'] =1
else:
comp[s_scen].loc[i, 'TETP'] =0

if res[O]['FETP ref{}'.format(s)][run] >
res[scen] ['Scen{} FETP {}'.format(scen, s)][run]:
comp[s scen].loc[i, 'FETP'] =1
else:
comp[s scen].loc[i, 'FETP'] =0

if res[O]['METP ref{}'.format(s)][run] >
res[scen] ['Scen{} METP {}'.format(scen, s)][run]:
comp[s scen].loc[i, 'METP'] =1
else:
comp[s scen].loc[i, 'METP'] =0

if res[0]['HCTP ref{}'.format(s)][run] >
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res[scen] ['Scen{} HCTP {}'.format(scen, s)][run]:

3638 comp[s scen].loc[i, 'HCTP'] =1

3639 else:

3640 comp[s scen].loc[i, '"HCTP'] =0

3641

3642 if res[O]['HNCTP ref{}'.format(s)][run] >
res[scen] ['Scen{} HNCTP {}'.format(scen, s)][run]:

3643 comp[s scen].loc[i, '"HNCTP'] =1

3644 else:

3645 comp[s scen].loc[i, '"HNCTP'] = 0

3646

3647 if res[0]['LU ref{}'.format(s)][run] >
res[scen] ['Scen{} LU {}'.format(scen, s)][run]:

3648 comp[s scen].loc[i, 'LU'] =1

3649 else:

3650 comp[s scen].loc[i, 'LU'] = 0

3651

3652 if res[0]['MRD ref{}'.format(s)][run] >
res[scen] ['Scen{} MRD {}'.format(scen, s)][run]:

3653 comp[s scen].loc[i, 'MRD'] =1

3654 else:

3655 comp[s scen].loc[i, '"MRD'] = 0

3656

3657 if res[O]['FFD ref{}'.format(s)][run] >
res[scen] ['Scen{} FFD {}'.format(scen, s)][run]:

3658 comp[s_scen].loc[i, 'FFD'] =1

3659 else:

3660 comp[s_scen].loc[i, 'FFD'] = 0

3661

3662 if res[0]['H20 ref{}'.format(s)][run] >
res[scen] ['Scen{} H20 {}'.format(scen, s)][run]:

3663 comp[s scen].loc[i, 'H20'] =1

3664 else:

3665 comp[s scen].loc[i, 'H20'] = 0

3666

3667 # export to excel for further analysis

3668  df_al 9
3669  df bl 8
3670  df bl 9
3671

3672 df al 9.to csv('{}\\al 9.csv'.format (datestr))
3673 df bl 8.to _csv('{}\\bl 8.csv'.format (datestr))
3674 df bl 9.to csv('{}\\bl 9.csv'.format (datestr))

pd.DataFrame (comp['Al 9'])
pd.DataFrame (comp['Bl 8'])
pd.DataFrame (comp['Bl 9'])

3675
3676 # contribution of midpoint categories to human health for Al 9
3677 scen _rev = [9]

3678 sys rev = ['Al']
3679 gwp = []

3680 odp = []

3681 ir = []
3682 pmf = [
3683 pofp
3684 hctp
3685 hnctp = []
3686 h2o = []

3687 for s in sys_rev:

3688 for i in scen rev:

3689 HH = pd.DataFrame ()

3690 for x in range(0,4000):

3691 if aop ep['Scen{} HH {}'.format(i, s)][x] > O:

3692 gwp.append (aop mp['Scen{} GWPHH {}'.format(i, s)1[x] /
aop_epl['Scen{} HH {}'.format(i, s)]1I[x])

3693 odp.append(aop _mp['Scen{} ODPHH {}'.format(i, s)][x] /
aop_epl['Scen{} HH {}'.format(i, s)]I[x])

3694 ir.append(aop mp['Scen{} IRHH {}'.format(i, s)1[x] /
aop epl['Scen{} HH {}'.format(i, s)]I[x])

3695 pmf.append(aop mp['Scen{} PMFHH {}'.format(i, s)][x] /
aop epl['Scen{} HH {}'.format(i, s)]I[x])

3696 pofp.append(aop mp['Scen{} POFPHH {}'.format(i, s)][x] /
aop_ep['Scen{} HH {}'.format(i, s)]1I[x])

3697 hctp.append(aop mp['Scen{} HCTPHH {}'.format(i, s)1[x] /

aop_ep['Scen{} HH {}'.format(i, s)]1I[x])
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3698
3699

3700
3701

3702
3703
3704
3705
3706
3707
3708

3709
3710
3711
3712
3713
3714
3715
3716
3717
3718
3719
3720
3721
3722
3723
3724
3725
3726
3727
3728
3729
3730
3731
3732
3733
3734
3735
3736
3737

3738
3739
3740
3741
3742
3743
3744
3745

3746

3747

HH['GWP']
HH['ODP']
HH['IR']
HH['PMF']
HH['POFP']
HH['HCTP']
HH[ "HNCTP']
HH['H20"']
HH.loc['mean']

else:

hnctp.append(aop mp['Scen{} HNCTPHH {}'.format(i, s)][x] /
aop _epl['Scen{} HH {}'.format(i, s)]I[x])
h2o.append(aop mp['Scen{} H20HH {}'.format(i, s)]1[x] /
aop epl['Scen{} HH {}'.format(i, s)]I[x])
gwp.append(aop mp['Scen{} GWPHH {}'.format(i, s)1[x] /
—aop_epl['Scen{} HH {}'.format(i, s)][x])
odp.append(aop mp['Scen{} ODPHH {}'.format(i, s)1[x] /
—aop epl['Scen{} HH {}'.format(i, s)]1[x])
ir.append(aop mp['Scen{} IRHH {}'.format(i, s)1[x] /
—aop_ep['Scen{} HH {}'.format (i, s)]I[x])
pmf.append(aop mp['Scen{} PMFHH {}'.format(i, s)]1[x] /
-—aop_ep['Scen{} HH {}'.format(i, s)]I[x])

pofp.append(aop mp['Scen{} POFPHH {}'.format(i, s)][x] /

-aop_epl['Scen{} HH {}'.format(i, s)]I[x])

hctp.append(aop_mp['Scen{} HCTPHH {}'.format (i, s)]I[x] /

—aop_epl['Scen{} HH {}'.format(i, s)][x])

hnctp.append(aop mp['Scen{} HNCTPHH {}'.format(i, s)][x] /

—aop epl['Scen{} HH {}'.format(i, s)]1[x])
h2o.append(aop mp['Scen{} H20HH {}'.format (i,
—aop_ep['Scen{} HH {}'.format (i, s)]I[x])

= pofp
hctp
hnctp

HH.mean ()

HH.to csv('{}\\hh al 9.csv'.format(datestr))

s)1Ix] /

# contribution of midpoint categories to eosystem quality for Al 9

gwp
pofp
tap
fep
mep
tetp
fetp
metp

lu =

h2o

[1

for s in sys rev:
for i in scen rev:

EQ = pd.DataFrame ()

for x in range(0,4000):
#ensure that negative contribution always means an impact reduction
if aop epl['Scen{} EQO {}'.format(i, s)][x] > O:

gwp.append((aop mp['Scen{} GWPEQT {}'.format(i, s)][x] +

aop mp['Scen{} GWPEQA {}'.format(i, s)1Ix]) /

aop_epl['Scen{} EOQ {}'.format(i, s)]I[x])

pofp.append(aop mp['Scen{} POFPEQ {}'.format(i, s)][x] /

aop_epl['Scen{} EO {}'.format(i, s)]I[x])
tap.append(aop mp['Scen{} TAPEQ {}'.format(i,
aop epl['Scen{} EO {}'.format(i, s)]I[x])
fep.append(aop mp['Scen{} FEPEQ {}'.format(i,
aop_ep['Scen{} EOQO {}'.format(i, s)]1I[x])
mep.append(aop mp['Scen{} MEPEQ {}'.format (i,
aop_ep['Scen{} EOQ {}'.format(i, s)]1I[x])

tetp.append(aop mp['Scen{} TETPEQ {}'.format(i, s)1[x] /

aop_ep['Scen{} EOQ {}'.format(i, s)]1I[x])

fetp.append(aop mp['Scen{} FETPEQ {}'.format(i, s)][x] /

aop_epl['Scen{} EO {}'.format(i, s)]I[x])

metp.append(aop mp['Scen{} METPEQ {}'.format(i, s)][x] /

aop epl['Scen{} EO {}'.format(i, s)]I[x])

s)1Ix1 /
s)1Ix] /
s)1Ix1 /

lu.append(aop mp['Scen{} LUEQ {}'.format(i, s)1[x] /

aop epl['Scen{} EO {}'.format(i, s)]I[x])

h2o.append((aop mp['Scen{} H20EQT {}'.format(i, s)][x] +
aop mp['Scen{} H20EQA {}'.format(i, s)1[x]) /

aop_epl['Scen{} EO {}'.format(i, s)]I[x])

else:
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3748

3749
3750
3751
3752
3753
3754
3755
3756

3757

3758
3759
3760
3761
3762
3763
3764
3765
3766
3767
3768
3769
3770
3771
3772
3773
3774
3775
3776
3777
3778
3779

3780

3781
3782

3783

3784
3785
3786
3787
3788
3789
3790
3791
3792
3793
3794
3795
3796
3797
3798
3799
3800
3801
3802
3803

EQ['
EQL'
EQ['
EQ['
EQ['
EQ['
EQ['
EQ['
EQ['
EQ['
EQ.1
EQ.t

# contribution of midpoint categories to resources for Al 9

mrd
ffd
for

RES[
RES[
RES.
RES.

# contribution of midpoint categories to human health for Bl 8

gwp.append((aop_mp['Scen{} GWPEQT {}'.format(i, s)][x]

aop mp['Scen{} GWPEQA {}'.format(i, s)1Ix]) /

-—aop_ep['Scen{} EO {}'.format (i, s)]I[x])

pofp.append(aop mp['Scen{} POFPEQ {}'.format(i, s)][x]

—aop_ep['Scen{} EQ {}'.format(i, s)]I[x])

tap.append(aop mp['Scen{} TAPEQ {}'.format(i, s)][x] /

—aop_epl['Scen{} EO {}'.format(i, s)]I[x])

fep.append(aop mp['Scen{} FEPEQ {}'.format(i, s)][x] /

—aop epl['Scen{} EO {}'.format(i, s)]1[x])

mep.append(aop mp['Scen{} MEPEQ {}'.format(i, s)]I[x] /

—aop_ep['Scen{}iEQi{}'.format(ij s)11[x])

tetp.append(aop mp['Scen{} TETPEQ {}'.format(i, s)]I[x]

-—aop_ep['Scen{} EOQ {}'.format (i, s)]I[x])

fetp.append(aop mp['Scen{} FETPEQ {}'.format(i, s)][x]

-aop_ep['Scen{} EQ {}'.format(i, s)]I[x])

metp.append(aop mp['Scen{} METPEQ {}'.format(i, s)][x]

—aop_epl['Scen{} EO {}'.format(i, s)][x])

lu.append(aop mp['Scen{} LUEQ {}'.format(i, s)1[x] /

—aop epl['Scen{} EO {}'.format(i, s)]1[x])

h2o.append((aop mp['Scen{} H20EQT {}'.format (i, s)]I[x]

aop_mp['Scen{} H20EQA {}'.format(i, s)]I[x]) /

—aop_epl['Scen{} EO {}'.format(i, s)]I[x])
GWP'] = gwp
POFP'] = odp

TAP'] = ir
FEP'] = pmf
MEP'] = pofp

TETP'] = hctp
FETP'] = hnctp
METP'] = h20

LU'] = 1lu
H20'] = h2o0
oc['mean'] = EQ.mean()

o csv('{}\\eg al 9.csv'.format (datestr))

[]
[]
s in sys rev:
for i in scen _rev:
RES = pd.DataFrame ()
for x in range(0,4000):
if aop ep['Scen{} RES {}'.format(i, s)][x] > O:

mrd.append(aop mp['Scen{} MRDRES {}'.format (i,
aop_epl['Scen{} RES {}'.format(i, s)]1[x])
ffd.append(aop mp['Scen{} FEFDRES {}'.format (i,
aop_ep['Scen{} RES {}'.format(i, s)]I[x])
else:
mrd.append(aop mp['Scen{} MRDRES {}'.format (i,
—aop_ep['Scen{} RES {}'.format(i, s)]1I[x])
ffd.append(aop mp['Scen{} FEFDRES {}'.format (i,
-aop_epl['Scen{} RES {}'.format(i, s)][x])

'MRD'] = mrd

"FED'] = ffd

loc['mean'] = RES.mean()

to csv('{}\\res al 9.csv'.format (datestr))

scen_rev = [8]

Sys_
gwp
odp
ir =
pmf
pofp
hctp
hnct
h2o
for

rev = ['B1"]

=[]

= [1

[]

=[]

= [1

=[]

p = [1

=[]

s in sys rev:

for i in scen_ rev:
HH = pd.DataFrame ()
for x in range(0,4000):

s)1[x] /
s)1[x] /

s)1Ix] /
s)1[x] /
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3804
3805

3806
3807
3808
3809
3810
3811
3812

3813
3814

3815
3816
3817
3818
3819
3820
3821

3822
3823
3824
3825
3826
3827
3828
3829
3830
3831
3832
3833
3834
3835
3836
3837
3838
3839
3840
3841
3842
3843
3844
3845
3846
3847
3848
3849

3850
3851

3852

3853

HH['GWP']
HH['ODP']
HH['IR']

HH['PMF']

HH['POFP']
HH['HCTP']

= pmf
pofp

if aop ep['Scen{} HH {}'.format(i, s)][x] > O:
gwp.append (aop mp['Scen{} GWPHH {}'.format(i, s)1[x] /

aop_epl['Scen{} HH {}'.format(i, s)]1I[x])

odp.append(aop mp['Scen{} ODPHH {}'.format(i, s)1[x] /

aop_epl['Scen{} HH {}'.format(i, s)]I[x])

ir.append(aop mp['Scen{} TRHH {}'.format (i, s)]I[x] /

aop_epl['Scen{} HH {}'.format(i, s)]I[x])

pmf.append(aop mp['Scen{} PMFHH {}'.format(i, s)][x] /

aop epl['Scen{} HH {}'.format(i, s)]I[x])

pofp.append(aop mp['Scen{} POFPHH {}'.format(i, s)][x] /

aop_ep['Scen{} HH {}'.format(i, s)]1I[x])

hctp.append(aop mp['Scen{} HCTPHH {}'.format(i, s)1[x] /

aop_epl['Scen{} HH {}'.format(i, s)]1I[x])

hnctp.append(aop mp['Scen{} HNCTPHH {}'.format(i, s)]1[x] /

aop_epl['Scen{} HH {}'.format(i, s)]I[x])

h2o.append(aop_mp['Scen{} H20HH {}'.format(i, s)][x] /

aop_epl['Scen{} HH {}'.format(i, s)]I[x])

else:
gwp.append (aop mp['Scen{} GWPHH {}'.format(i, s)1[x] /

-—aop_ep['Scen{} HH {}'.format(i, s)]I[x])

odp.append(aop mp['Scen{} ODPHH {}'.format(i, s)1[x] /

—aop_epl['Scen{} HH {}'.format(i, s)]I[x])

ir.append(aop mp['Scen{} IRHH {}'.format(i, s)1[x] /

—aop epl['Scen{} HH {}'.format(i, s)]1I[x])

pmf.append(aop mp['Scen{} PMFHH {}'.format(i, s)][x] /

—aop_ep['Scen{}iHﬂi{}'.format(ij s)1[x])

pofp.append(aop mp['Scen{} POFPHH {}'.format(i, s)][x] /

—aop_ep['Scen{} HH {}'.format (i, s)]I[x])

hctp.append(aop mp['Scen{} HCTPHH {}'.format(i, s)1[x] /

-—aop_ep['Scen{} HH {}'.format(i, s)]I[x])

hnctp.append(aop mp['Scen{} HNCTPHH {}'.format(i, s)]1[x] /

—aop_epl['Scen{} HH {}'.format(i, s)]I[x])

h2o.append(aop_mp['Scen{} H20HH {}'.format(i, s)][x] /

—aop_epl['Scen{} HH {}'.format(i, s)]1I[x])

= hctp

HH['HNCTP']

HH['H20']

HH.loc['mean']

= hnctp

HH.mean ()

HH.to csv('{}\\hh bl 8.csv'.format(datestr))

# contribution of midpoint categories to eosystem quality for Bl 8

gwp = []
pofp = []
tap [1
fep [1
mep [1
tetp [1
fetp [1
metp = []
lu = []
h2o = []

for s in sys rev:
for i in scen_rev:
EQ = pd.DataFrame ()
for x in range(0,4000):

if aop ep['Scen{} EO {}'.format(i, s)][x] > O:
gwp.append((aop mp['Scen{} GWPEQT {}'.format(i, s)][x] +

aop_mp['Scen{} GWPEQA {}'.format(i, s)]I[x]) /
aop_epl['Scen{} EO {}'.format(i, s)]I[x])

pofp.append(aop mp['Scen{} POFPEQ {}'.format(i, s)]1[x] /

aop epl['Scen{} EO {}'.format(i, s)]I[x])

tap.append(aop mp['Scen{} TAPEQ {}'.format(i, s)l[x] /

aop epl['Scen{} EO {}'.format(i, s)]I[x])

fep.append(aop mp['Scen{} FEPEQ {}'.format(i, s)][x] /

aop_epl['Scen{} EQ {}'.format(i, s)1[x])

mep.append(aop mp['Scen{} MEPEQ {}'.format(i, s)1[x] /

aop_ep['Scen{} EOQ {}'.format(i, s)]1I[x])
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3854
3855
3856
3857

3858

3859
3860

3861
3862
3863
3864
3865
3866
3867
3868

3869

3870
3871
3872
3873
3874
3875
3876
3877
3878
3879
3880
3881
3882
3883
3884
3885
3886
3887
3888
3889
3890
3891

3892

3893
3894

3895

3896
3897
3898
3899
3900
3901
3902
3903

else

EQ['GWP'] = gwp
EQ['POEFP'] = odp

EQ['TAP'] = ir

EQ['FEP'] = pmf
EQ['MEP'] = pofp
EQ['TETP'] = hct
EQ['FETP'] = hnc

EQ['METP'] = h2o
EQ['LU'] = lu
EQ['H20'] = h2o0
EQ.loc['mean'] =
EQ.to csv('{}\\e

# contribution o
mrd = []
ffd = [1]

for s in sys rev

for i in sce

RES = pd

for x in

if a

else

RES['MRD'] = mrd
RES['FFD'] = ffd
RES.loc['mean']

RES.to _csv (' {}\\

# contribution o
scen_rev = [9]
sys rev = ['B1']

tetp.append(aop _mp['Scen{} TETPEQ {}'.format(i, s)][x]
aop _epl['Scen{} EO {}'.format(i, s)]I[x])
fetp.append(aop mp['Scen{} FETPEQ {}'.format(i, s)][x]
aop epl['Scen{} EO {}'.format(i, s)]I[x])
metp.append(aop mp['Scen{} METPEQ {}'.format(i, s)][x]
aop_ep['Scen{} EOQO {}'.format(i, s)]1I[x])
lu.append(aop mp['Scen{} LUEQ {}'.format(i, s)1[x] /
aop_ep['Scen{} EQ {}'.format(i, s)]1I[x])
h2o.append((aop mp['Scen{} H20EQT {}'.format (i, s)][x]
aop mp['Scen{} H20EQA {}'.format(i, s)1[x]) /
aop_ep['Scen{} EOQO {}'.format(i, s)]1I[x])
gwp.append((aop mp['Scen{} GWPEQT {}'.format(i, s)][x]
aop mp['Scen{} GWPEQA {}'.format(i, s)1Ix]) /
-aop_ep['Scen{} EQ {}'.format(i, s)]I[x])
pofp.append(aop mp['Scen{} POFPEQ {}'.format(i, s)][x]
—aop_epl['Scen{} EO {}'.format(i, s)][x])
tap.append(aop mp['Scen{} TAPEQ {}'.format(i, s)l[x] /
—aop epl['Scen{} EO {}'.format(i, s)]1[x])
fep.append(aop mp['Scen{} FEPEQ {}'.format(i, s)][x] /
-—aop_ep['Scen{} EO {}'.format (i, s)]I[x])
mep.append(aop mp['Scen{} MEPEQ {}'.format(i, s)]I[x] /
-—aop_ep['Scen{} EO {}'.format (i, s)]I[x])
tetp.append(aop mp['Scen{} TETPEQ {}'.format(i, s)]I[x]
-—aop_ep['Scen{} EO {}'.format (i, s)]I[x])
fetp.append(aop mp['Scen{} FETPEQ {}'.format(i, s)][x]
—aop_epl['Scen{} EQ {}'.format(i, s)]I[x])
metp.append(aop mp['Scen{} METPEQ {}'.format(i, s)][x]
—aop epl['Scen{} EO {}'.format(i, s)]I[x])
lu.append(aop mp['Scen{} LUEQ {}'.format(i, s)1[x] /
—aop ep['Scen{} EO {}'.format(i, s)]1I[x])
h2o.append((aop mp['Scen{} H20EQT {}'.format (i, s)][x]
aop mp['Scen{} H20EQA {}'.format(i, s)1[x]) /
—aop_epl['Scen{} EO {}'.format(i, s)]I[x])

P
tp

EQ.mean ()
g bl 8.csv'.format(datestr))

f midpoint categories to resources for Bl 8

n rev:

.DataFrame ()

range (0,4000) :
op_ep['Scen{} RES {}'.format(i, s)]1[x] > O:
mrd.append(aop mp['Scen{} MRDRES {}'.format(i, s)][x] /
aop_epl['Scen{} RES {}'.format(i, s)]1[x])
ffd.append(aop mp['Scen{} FFDRES {}'.format(i, s)][x] /
aop_epl['Scen{} RES {}'.format(i, s)]I[x])
mrd.append(aop mp['Scen{} MRDRES {}'.format(i, s)][x] /
—aop_ep['Scen{} RES {}'.format(i, s)]1I[x])
ffd.append(aop mp['Scen{} FFDRES {}'.format(i, s)]1[x] /

—aop_epl['Scen{} RES {}'.format(i, s)][x])

= RES.mean ()
res bl 8.csv'.format (datestr))

f midpoint categories to human health for Bl 9
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3904
3905
3906
3907
3908
3909
3910
3911
3912
3913
3914
3915
3916
3917

3918
3919
3920
3921
3922
3923
3924

3925
3926

3927
3928
3929
3930
3931
3932
3933

3934
3935
3936
3937
3938
3939
3940
3941
3942
3943
3944
3945
3946
3947
3948
3949
3950
3951
3952
3953
3954
3955
3956
3957
3958
3959

[]

for s in sys rev:
for i in scen rev:

HH = pd.DataFrame ()
for x in range(0,4000):
if aop ep['Scen{} HH {}'.format(i, s)][x] > O:

gwp.append (aop mp['Scen{} GWPHH {}'.format(i, s)1[x] /
aop_epl['Scen{} HH {}'.format(i, s)]I[x])
odp.append(aop mp['Scen{} ODPHH {}'.format(i, s)1[x] /
aop_epl['Scen{} HH {}'.format(i, s)]I[x])
ir.append(aop mp['Scen{} IRHH {}'.format(i, s)1[x] /
aop epl['Scen{} HH {}'.format(i, s)]I[x])
pmf.append(aop mp['Scen{} PMFHH {}'.format(i, s)][x] /
aop_ep['Scen{} HH {}'.format(i, s)]1I[x])
pofp.append(aop mp['Scen{} POFPHH {}'.format(i, s)][x] /

aop_ep['Scen{} HH {}'.format(i, s)]1I[x])
hctp.append(aop mp['Scen{} HCTPHH {}'.format(i, s)1[x] /
aop_epl['Scen{} HH {}'.format(i, s)]1I[x])

hnctp.append(aop_mp['Scen{} HNCTPHH {}'.format(i, s)][x] /
aop_epl['Scen{} HH {}'.format(i, s)]I[x])

h20.append(aop_mp['Scen{} H20HH {}'.format(i, s)1I[x] /
aop epl['Scen{} HH {}'.format(i, s)]I[x])
else:

gwp.append(aop mp['Scen{} GWPHH {}'.format(i, s)1[x] /
—aop_epl['Scen{} HH {}'.format(i, s)]I[x])
odp.append(aop mp['Scen{} ODPHH {}'.format(i, s)]l[x] /
—aop_epl['Scen{} HH {}'.format(i, s)]1I[x])
ir.append(aop mp['Scen{} IRHH {}'.format(i, s)1[x] /
—aop epl['Scen{} HH {}'.format(i, s)]1[x])
pmf.append(aop mp['Scen{} PMFHH {}'.format(i, s)][x] /

—aop_ep['Scen{} HH {}'.format (i, s)]I[x])
pofp.append(aop mp['Scen{} POFPHH {}'.format(i, s)][x] /
—aop_ep['Scen{} HH {}'.format (i, s)]I[x])
hctp.append(aop mp['Scen{} HCTPHH {}'.format(i, s)1[x] /
-aop_epl['Scen{} HH {}'.format(i, s)]I[x])
hnctp.append(aop mp['Scen{} HNCTPHH {}'.format(i, s)][x] /
—aop _epl['Scen{} HH {}'.format(i, s)]I[x])
h2o.append(aop mp['Scen{} H20HH {}'.format(i, s)]1[x] /
—aop _epl['Scen{} HH {}'.format(i, s)]1[x])

HH['GWP'] = gwp
HH['ODP'] = odp
HH['IR'] = ir

HH['PME'] = pmf

HH['POFP'] = pofp

HH['HCTP'] = hctp

HH['HNCTP'] = hnctp

HH['H20'] = h2o

HH.loc['mean'] = HH.mean ()

HH.to csv('{}\\hh bl 9.csv'.format(datestr))

# contribution of midpoint categories to eosystem quality for Bl 9

gwp =
pofp

tap =
fep

mep

tetp
fetp
metp
lu =
h2o =

[]

[

[]
[]
[]

[1
[1
[1

[1

[1

for s in sys rev:
for i in scen_ rev:

EQ = pd.DataFrame ()
for x in range(0,4000):
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3960 if aop ep['Scen{} EQ {}'.format(i, s)][x] > O:

3961 gwp.append((aop mp['Scen{} GWPEQT {}'.format(i, s)][x] +
aop mp['Scen{} GWPEQA {}'.format(i, s)I[x]) /
aop epl['Scen{} EO {}'.format(i, s)]I[x])

3962 pofp.append(aop mp['Scen{} POFPEQ {}'.format(i, s)][x] /
aop_ep['Scen{} EOQO {}'.format(i, s)]1I[x])

3963 tap.append(aop mp['Scen{} TAPEQ {}'.format(i, s)1[x] /
aop_epl['Scen{} EO {}'.format(i, s)][x])

3964 fep.append(aop mp['Scen{} FEPEQ {}'.format(i, s)1I[x] /
aop_epl['Scen{} EOQ {}'.format(i, s)]I[x])

3965 mep.append (aop mp['Scen{} MEPEQ {}'.format(i, s)][x] /
aop _epl['Scen{} EO {}'.format(i, s)]I[x])

3966 tetp.append(aop mp['Scen{} TETPEQ {}'.format(i, s)][x] /
aop _epl['Scen{} EO {}'.format(i, s)]I[x])

3967 fetp.append(aop mp['Scen{} FETPEQ {}'.format(i, s)][x] /
aop_ep['Scen{} EOQO {}'.format(i, s)]1I[x])

3968 metp.append(aop mp['Scen{} METPEQ {}'.format(i, s)][x] /
aop_ep['Scen{} EOQ {}'.format(i, s)]1I[x])

3969 lu.append(aop mp['Scen{} LUEQ {}'.format(i, s)1[x] /
aop_ep['Scen{} EOQ {}'.format(i, s)]1I[x])

3970 h2o.append((aop_mp['Scen{} H20EQT {}'.format(i, s)]1[x] +
aop mp['Scen{} H20EQA {}'.format(i, s)1Ix]) /
aop_ep['Scen{} EOQO {}'.format(i, s)]1I[x])

3971 else:

3972 gwp.append((aop mp['Scen{} GWPEQT {}'.format(i, s)][x] +

aop mp['Scen{} GWPEQA ({}'.format(i, s)1[x]) /
—aop_epl['Scen{} EQ {}'.format(i, s)]I[x])

3973 pofp.append(aop mp['Scen{} POFPEQ {}'.format(i, s)]1[x] /
—aop epl['Scen{} EO {}'.format(i, s)]I[x])

3974 tap.append(aop mp['Scen{} TAPEQ {}'.format(i, s)l[x] /
—aop ep['Scen{} EO {}'.format(i, s)]1I[x])

3975 fep.append(aop mp['Scen{} FEPEQ {}'.format(i, s)]1[x] /
-—aop_ep['Scen{} EOQ {}'.format(i, s)1[x])

3976 mep.append(aop mp['Scen{} MEPEQ {}'.format(i, s)]1[x] /
-—aop_ep['Scen{} EO {}'.format(i, s)]I[x])

3977 tetp.append(aop mp['Scen{} TETPEQ {}'.format(i, s)1[x] /
—aop_epl['Scen{} EQ {}'.format(i, s)]I[x])

3978 fetp.append(aop mp['Scen{} FETPEQ {}'.format(i, s)][x] /
—aop _epl['Scen{} EO {}'.format(i, s)]I[x])

3979 metp.append(aop mp['Scen{} METPEQ {}'.format(i, s)]1[x] /
—aop ep['Scen{} EO {}'.format(i, s)]1[x])

3980 lu.append(aop mp['Scen{} LUEQ {}'.format(i, s)1[x] /
—aop_ep['Scen{} EO {}'.format (i, s)]I[x])

3981 h2o.append((aop mp['Scen{} H20EQT {}'.format(i, s)][x] +
aop mp['Scen{} H20EQA {}'.format(i, s)1[x]) /

—aop _ep['Scen{} EO {}'.format(i, s)]1[x])
3982 EQ['GWP'] = gwp
3983 EQ['POFP'] = odp

3984 EQ['TAP'] = ir
3985 EQ['FEP'] = pmf
3986 EQ['MEP'] = pofp
3987 EQ['TETP'] hctp

3988 EQ['FETP'] = hnctp
3989 EQ['METP'] = h2o0

3990 EQ['LU'] = 1lu

3991 EQ['H20"] = h2o

3992 EQ.loc['mean'] = EQ.mean ()

3993 EQ.to csv('{}\\eg bl 9.csv'.format (datestr))

3994

3995 # contribution of midpoint categories to resources for Bl 9
3996 mrd = []

3997 ffd = []

3998 for s in sys_rev:

3999 for i in scen rev:

4000 RES = pd.DataFrame ()

4001 for x in range(0,4000):

4002 if aop epl['Scen{} RES {}'.format(i, s)][x] > O:

4003 mrd.append(aop mp['Scen{} MRDRES {}'.format(i, s)][x] /
aop_epl['Scen{} RES {}'.format(i, s)]I[x])

4004 ffd.append(aop mp['Scen{} FFDRES {}'.format(i, s)][x] /

aop_epl['Scen{} RES {}'.format(i, s)]I[x])
4005 else:
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mrd.append(aop mp['Scen{} MRDRES {}'.format(i, s)1[x] /
—aop _epl['Scen{} RES {}'.format(i, s)][x])
ffd.append(aop mp['Scen{} FFDRES {}'.format(i, s)1[x] /

—aop epl['Scen{} RES {}'.format (i, s)][x])
RES['MRD'] = mrd
RES['FFD'] = ffd
RES.loc['mean'] = RES.mean()
RES.to csv('{}\\res bl 9.csv'.format (datestr))

# # Part F: Sobol Indices
# Sobol indices were calculated for Al 9, Bl 9 and Bl 8 to identify the most
important input parameters.

# Deleting previously defined parameters, since otherwise errors occured.
ProjectParameter.delete() .execute()

DatabaseParameter.delete () .execute ()

ActivityParameter.delete () .execute()

parameters

#Creating Database for scenario 9
db.write(bioref data scen9)

#Adding parameters to exchanges of activity "commonpath"
p_cp = Database('biorefdb').get ('commonpath')

WCult = list(p_cp.exchanges())[1]; WCult['formula']l = 'mWCult'; WCult.save()

CO2= list(p_cp.exchanges()) [2]; CO2['formula']l = 'CO2in'; CO2.save()

Urea = list(p_cp.exchanges())[3]; Ureal'formula']l = 'Nin'; Urea.save()

Phosphorus = list(p_cp.exchanges()) [4]; Phosphorus['formula'] = 'Pin';
Phosphorus.save ()

ElecCult = list(p_cp.exchanges()) [5]; ElecCult['formula'] = 'Ecult'; ElecCult.save()
HeatCult = list(p cp.exchanges()) [6]; HeatCult['formula'] = 'Ocult'; HeatCult.save()
ElecHar = list(p cp.exchanges())[7]; ElecHar['formula']l = 'Ehar'; ElecHar.save()
WDil = list(p_cp.exchanges())[8]; WDil['formula'] = 'mWDil'; WDil.save()

ElecDis = list(p_cp.exchanges())[9]; ElecDis['formula'] = 'Edis'; ElecDis.save()
ElecSep = list(p_cp.exchanges())[10]; ElecSep['formula'] = 'Esep'; ElecSep.save()
WasteW = list(p cp.exchanges())[11]; WasteW['formula']l = 'mWWW'; WasteW.save()

CO2em = list(p_cp.exchanges())[12]; CO2em['formula'] = '"COZout'; CO2em.save ()

parameters.add exchanges_to group("actparbioref al'", p cp)

#Adding parameters to exchanges of activity "Al"
p_al = Database('biorefdb').get('pathAl")

Solvent Al = list(p_al.exchanges())[2]; Solvent Al['formula'] = 'mSELl";

Solvent Al.save()

ElecSE Al = list(p_al.exchanges())[3]; ElecSE Al['formula'] = '"ESE'; ElecSE Al.save()
HeatSE Al = list(p al.exchanges())[4]; HeatSE Al['formula']l = 'OSE'; HeatSE Al.save()
ElecCen Al = list(p_al.exchanges())[5]; ElecCen Al['formula'] = 'Ecen';

ElecCen Al.save()

ElecEvaSE Al = list(p_al.exchanges())[6]; ElecEvaSE Al['formula']l = 'EevaSE';
ElecEvaSE Al.save()

HeatEvaSE Al = list(p_al.exchanges())[7]; HeatEvaSE Al['formula']l = 'QevaSE';
HeatEvaSE Al.save()

ElecConSE Al = list(p_al.exchanges())[8]; ElecConSE Al['formula'] = 'EconSE';
ElecConSE_Al.save()

CoolConSE Al = list(p_al.exchanges())[9]; CoolConSE Al['formula']l = 'QconSE';
CoolConSE Al.save()

Lip Al = list(p al.exchanges())[10]; Lip Al['formula'] = 'LiA'; Lip Al.save()
Prot Al 1 = list(p_al.exchanges())[11]; Prot Al 1['formula'] = 'MA'; Prot Al 1l.save()
ElecUF Al = list(p_al.exchanges())[12]; ElecUF Al['formula'] = 'EUF'; ElecUF Al.save()
WDF Al = list(p_al.exchanges())[13]; WDF Al['formula']l = 'mWDF'; WDF Al.save()
ElecDF Al = list(p_al.exchanges())[14]; ElecDF Al['formula'] = 'EDF'; ElecDF Al.save()
Polysac Al = list(p_al.exchanges())[15]; Polysac Al['formula'] = 'M1 1';
Polysac_Al.save()

Prot Al 2 = list(p_al.exchanges())[16]; Prot Al 2['formula'] = "Ml 2';
Prot Al 2.save()

Infra Al = list(p_al.exchanges())[17]; Infra Al['formula'] = 'FacAl'; Infra Al.save()
Occ Al = list(p al.exchanges())[18]; Occ Al['formula'] = 'LOAl'; Occ_ Al.save()

Trans Al = list(p_al.exchanges())[19]; Trans Al['formula'] = 'LTAl'; Trans_Al.save()
ElecDry Al = list(p al.exchanges())[20]; ElecDry Al['formula']l = 'Edryl';

ElecDry Al.save()

HeatDry Al = list(p_al.exchanges())[21]; HeatDry Al['formula'] = 'Odryl';

HeatDry Al.save()
parameters.add exchanges to group("actparbioref al", p al)
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#Adding parameters to exchanges of reference activity for system Al

p_refal =
surfactant_refal =

Database('biorefdb') .get ('refAl")
list(p_refal.exchanges()) [1]; surfactant refal['formula']l =

'surfactant al'; surfactant refal.save()

prot feed refal =

'prot feed al'; prot feed refal.save()

maize refal =
maize refal.save()
palm oil refal =
'palm oil al';
energy feed refal =

list (p_refal.exchanges()) [3]; maize refal['formula'] =

'energy feed al'; energy feed refal.save()
parameters.add exchanges to group("actparbioref refal'", p refal)

# Creating Saltelli Sample for Al 9

list (p_refal.exchanges()) [2]; prot feed refal['formula'] =
'maize al';
list(p_refal.exchanges()) [4]; palm oil refal['formula'] =

palm oil refal.save()
list (p_refal.exchanges()) [5]; energy feed refal['formula'] =

problem ={'num vars': 29,
'names': ['cO', 'cl', 'cLi', 'cPr', 'cPs', 'cx', 'DV1l',
'ecen', 'ecult', 'edis', 'edry', 'efill', 'eSE',
'nin', 'pin', 'gcult', 'gdry', 'gSE',
'recLiA', 'recPrl', 'recPsl',
'rSE', 'sPr', 'sPs', 'w',
'ImpLiA', 'fac', 'locc', 'ltrans'],
'bounds': [[0.004,0.03], [0.25,0.30], [0.12,0.15], [0.50,0.6017,
[0.10,0.15], [0.15,0.2451, [0,3]1,
[o.12,21, [0.03,51, [0.15,5], [0.01,0.5], [0.1,3], [0.005,0.055],
[0.09,0.1], [0.003,0.036], [0.0,200], [1,5], [0.66,2],
[0.667,0.833], [0.7,0.99], [0.755,0.892],
[3,20], [0.50,0.80], [0.264,0.73], [0.995,0.999],
[0,0.013], [6.74E-11,6.0E-101, [0.7, 2.8]1, [0.026, 0.1471 1}

input_values =
print (input values.shape)

saltelli.sample (problem,

#Defining project parameters for Al 9

def project param al(param names, param values,

project data = [

inval,

{'name': 'cO0', 'amount': inval[it,01},
{'name': 'cl', 'amount': inval[it,1]},
{'name': 'cLi', 'amount': inval[it,2]1},
{'name': 'co2cons', 'amount': 2},

{'name': 'co2in', 'amount': 4},

{'name': 'cPr', 'amount': inval[it,31},
{'name': 'cPs', 'amount': invall[it,41},
{'name': 'cx', 'amount': invall[it,51},
{'name': 'DV1', 'amount': invall[it,6l},
{'name': 'ecen', 'amount': invall[it,7]1},
{'name': 'econSE', 'amount': 0.027},
{'name': 'ecult', 'amount': inval[it,8]},
{'name': 'edis', 'amount': inval[it,91},
{'name': 'edry', 'amount': inval[it,10]1},
{'name': 'eevaSE', 'amount': 0.027},
{'name': 'efill', 'amount': inval[it,11]1},
{'name': 'eSE', 'amount': inval[it,121},
{'name': 'mDW', 'amount': 1},

{'name': 'nin', 'amount': inval[it,131},
{'name': 'pin', 'amount': invall[it,141},
{'name': 'gconSE', 'amount': 0.96},
{'name': 'gcult', 'amount': inval[it,15]},
{'name': 'gdry', 'amount': invall[it,16]1},
{'name': 'gevaSE', 'amount': 0.96},
{'name': 'gSE', 'amount': invall[it,171},
{'name': 'recW', 'amount': 0.9},

{'name': 'recLiA', 'amount': invall[it,18]},
{'name': 'recPrl', 'amount': inval[it,19]1},
{'name': 'recPsl', 'amount': invall[it,20]1},
{'name': '"rSE', 'amount': invall[it,211]1},
{'name': 'sPr', 'amount': invall[it,211},
{'name': 'sPs', 'amount': invall[it,231},
{'name': 'w', 'amount': invall[it,241},
{'name': '"ImpLiA', 'amount': inval[it,251},
{'name': 'fac', 'amount': invall[it,26]1},
{'name': '"locc', 'amount': invall[it,271]1},

100, calc second order = False)

it):
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{'name': '"ltrans', 'amount': inval[it,28]}

1
parameters.new project parameters(project data)
for param in ProjectParameter.select():

param_names.append(param.name)

param values.append(param.amount)

#Defining database parameters for Al 9
def database param al(param names, param values):
database data = [

{'name': 'mw0', 'formula': ' (mDW/cO)-mDW'},
{'name': 'mwl', 'formula': ' (mDW/cl)-mDW'},
{'name': 'deltamW',6 'formula': 'mWO-mwWwl'},

{'name': 'mWR', 'formula': 'recW*deltamW'},
{'name': 'mSDW', 'formula': ' (sPr*cPr+sPs*cPs)*mDW'},
{'name': 'mSW', 'formula': 'mSDW+w*mDW* (1-cx)/cx'},
{'name': 'cS0', 'formula': 'mSDW/mSW'},

{'name': 'impPsl', 'formula': 'l-recPrl'},

{'name': 'impPrl', 'formula': 'l-recPsl'},

{'name': 'Psl 1', 'formula': 'recPsl*sPs*cPs*mDW'},
{'name': 'Prl 1', 'formula': 'impPsl*sPr*cPr*mDW'},
{'name': 'Psl 2', 'formula': 'impPrl*sPs*cPs*mDW'},
{'name': 'Prl 2', 'formula': 'recPrl*sPr*cPr*mDW'},
{'name': 'mPDW', 'formula': 'mDW-mSDW'},

{'name': 'mPW', 'formula': 'mPDW+ (l-w)*mDW/cx'},
{'name': 'mSE', 'formula': 'rSE*mPW'},

{'name': 'PrAl', 'formula': ' (l-sPr)*cPr*mDW'},
{'name': 'PsA', 'formula': 'ImpLiA* (1-sPs)*cPs'},

]

parameters.new database parameters(database data, "biorefdb'")

for param in DatabaseParameter.select():
param names.append(param.name)
param values.append(param.amount)

#Defining activity parameters for Al 9
def activity param al(param names, param values):
activity data = [

{'name': 'mWWW', 'formula': '0.001* (deltamW-mWR)', 'database': 'biorefdb',

'code': 'actparl'},

{'name': 'mWCult', 'formula': 'mWO-mWR', 'database': 'biorefdb', 'code':

'actpar2'},

{'name': 'mwDil', 'formula': ' (mDW/cx)-(mDW/cl)', 'database': 'biorefdb',

'code': 'actpar3'},

{'name': 'Nin', 'formula': 'nin*mDW', 'database': 'biorefdb', 'code':

'actpar4d'},

{'name': 'Pin', 'formula': 'pin*mDW', 'database': 'biorefdb', 'code':

'actparb5'},

{'name': 'C0O2in', 'formula': 'co2in*mDW', 'database': 'biorefdb', 'code':

'actparo6'},

{'name': 'CO20ut', 'formula': 'mDW* (co2in-co2cons)', 'database': 'biorefdb',

'code': 'actpar7'},

{'name': 'Ecult', 'formula': 'ecult*mDW', 'database': 'biorefdb', 'code':

'actpar8'},

{'name': 'Qcult', 'formula': 'gcult*mDW', 'database': 'biorefdb', 'code':

'actpar9'},

{'name': 'Ehar', 'formula': 'ecen*0.001* (mDW/c0)"', 'database': 'biorefdb',

'code': 'actparlO'},

{'name': 'Edis', 'formula': 'edis*mDW', 'database': 'biorefdb', 'code':

'actparll'},

{'name': 'Esep', 'formula': 'ecen*0.001* (mDW/cx)', 'database': 'biorefdb',
1S

'code': 'actparl2'},

{'name': 'mWDF', 'formula': 'DV1*(2/3)*mSW', 'database': 'biorefdb', 'code':

'actparl3'},

{'name': 'Edryl', 'formula': 'edry*mDW* (l1-cx)/cx+edry*mWDF', 'database':

'biorefdb', 'code': 'actparld'},

{'name': 'Qdryl', 'formula': 'gdry*mDW* (1-cx)/cx+gdry*mWDF', 'database':

'biorefdb', 'code': 'actparl5'},

{'name': 'EUF', 'formula': 'efill*0.001*mSW', 'database': 'biorefdb',

'code': 'actparle'},

{'name': 'EDF', 'formula': '(2/3)*efill*0.001*mSW', 'database': 'biorefdb',
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'code': 'actparl7'},
{'name': 'M1 1', 'formula': 'Psl 1+Prl 1', 'database': 'biorefdb', 'code':
'actparl8'},
{'name': 'M1 2', 'formula': 'Psl 2+Prl 2', 'database': 'biorefdb', 'code':
'actparl9'},
{'name': 'mSEl', 'formula': '0.01*mSE', 'database': 'biorefdb', 'code':
'actpar20'},
{'name': 'ESE', 'formula': 'eSE*mPDW', 'database': 'biorefdb', 'code':
'actpar21'},
{'name': 'QSE', 'formula': 'gSE*mPDW', 'database': 'biorefdb', 'code':
'actpar22'},
{'name': 'Ecen', 'formula': 'ecen*0.001*mPW+ecen*mSE', 'database':
'biorefdb', 'code': 'actpar23'},
{'name': 'EevaSE', 'formula': 'eevaSE*mSE', 'database': 'biorefdb', 'code':
'actpar24'},
{'name': 'QevaSE', 'formula': 'gevaSE*mSE', 'database': 'biorefdb', 'code':
'actpar25'},
{'name': 'EconSE', 'formula': 'econSE*mSE', 'database': 'biorefdb', 'code':
'actpar26'},
{'name': 'QconSE', 'formula': 'gconSE*mSE', 'database': 'biorefdb', 'code':
'actpar27'},
{'name': 'LiA', 'formula': 'recLiA*cLi*mDW+PsA', 'database': 'biorefdb',
'code': 'actpar28'},
{'name': 'MA', 'formula': 'mPDW-LiA', 'database': 'biorefdb', 'code':
'actpar29'},
{'name': 'FacAl', 'formula': 'fac', 'database': 'biorefdb', 'code':
'actpar30'},
{'name': 'LOAl', 'formula': 'locc', 'database': 'biorefdb', 'code':
'actpar31l'},
{'name': 'LTAl', 'formula': 'ltrans', 'database': 'biorefdb', 'code':
'actpar32'},
1
parameters.new _activity parameters(activity data, "actparbioref al")
activity data ref = [
{'name': 'surfactant al', 'formula': 'Psl 2+Prl 2', 'database': 'biorefdb'
'code': 'actpar33'},
{'name': 'prot feed al', 'formula': 'cPr*(l-sPr)', 'database': 'biorefdb',
'code': 'actpar34'},
{'name': 'maize al', 'formula': 'Psl 1*0.9*0.67*1.63', 'database':
'biorefdb', 'code': 'actpar35'},
{'name': 'palm oil al', 'formula': 'recLiA*cLi*mDW+PsA', 'database':
'biorefdb', 'code': 'actpar36'},
{'name': 'energy feed al', 'formula':

'cPr*(1-sPr)*10.2+ (cPs* (1-sPs)-ImpLiA)*14.9+cLi* (1-recLiA) *35', 'database':

'biorefdb', 'code':

1

'actpar37'},

parameters.new_activity parameters(activity data ref, "actparbioref refal")

for param in ActivityParameter.select():
param names.append(param.name)
param values.append(param.amount)

#0rder results according to the sobol indice of first order

def order al 9(si, problem, i, s, datestr):
ic = i[2]
GSA df = pd.DataFrame ()
GSA df['Parameter'] = problem['names']
GSA df['S1'] = si['S1']
GSA df['Sl conf'] = si['S1l conf']

GSA df sl = GSA df.iloc[(-np.abs(GSA df['S1'].values)) .argsort()]

GSA df sl.to csv('{}\\{} scen9 sobol indice S1 {}.csv'.format(datestr, s, ic))

#Calculating sobol indices for each impact category

sys = ['A1"]

param names = []
param values = []
it=0

project param al(param names, param values, input values, it)

for s in sys:
for i in 1m:
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4236 GSA_results = []

4237 #allows to follow the progress

4238 print('System: ',s,' Impact Category: ', 1[2])

4239 #update project parameters accoding to values in Saltelli sample

4240 for v in input values:

4241 ProjectParameter.update (amount = v[0]) .where(ProjectParameter.name ==
'cO'") .execute()

4242 ProjectParameter.update (amount = v[1]) .where(ProjectParameter.name ==
'cl') .execute()

4243 ProjectParameter.update (amount = v[2]) .where(ProjectParameter.name ==
'cLi'") .execute()

4244 ProjectParameter.update (amount = v[3]) .where(ProjectParameter.name ==
'cPr').execute()

4245 ProjectParameter.update (amount = v[4]) .where(ProjectParameter.name ==
'cPs') .execute()

4246 ProjectParameter.update (amount = v[5]) .where(ProjectParameter.name ==
'cx ') .execute ()

42477 ProjectParameter.update (amount = v[6]) .where (ProjectParameter.name ==
'DV1'") .execute()

4248 ProjectParameter.update (amount = v[7]) .where (ProjectParameter.name ==
'ecen') .execute()

4249 ProjectParameter.update (amount = v[8]) .where(ProjectParameter.name ==
'ecult') .execute()

4250 ProjectParameter.update (amount = v[9]) .where (ProjectParameter.name ==
'edis') .execute()

4251 ProjectParameter.update (amount = v[10]) .where(ProjectParameter.name ==
'edry') .execute()

4252 ProjectParameter.update (amount = v[11]) .where(ProjectParameter.name ==
'efill'") .execute()

4253 ProjectParameter.update (amount = v[12]) .where (ProjectParameter.name ==
'eSE'") .execute()

4254 ProjectParameter.update (amount = v[13]) .where(ProjectParameter.name ==
'nin') .execute ()

4255 ProjectParameter.update (amount = v[14]) .where(ProjectParameter.name ==
'pin') .execute()

4256 ProjectParameter.update (amount = v[15]) .where(ProjectParameter.name ==
'gcult') .execute()

4257 ProjectParameter.update (amount = v[16]) .where(ProjectParameter.name ==
'gdry') .execute()

4258 ProjectParameter.update (amount = v[17]) .where(ProjectParameter.name ==
"gSE") .execute ()

4259 ProjectParameter.update (amount = v[18]) .where(ProjectParameter.name ==
'recLiA') .execute ()

4260 ProjectParameter.update (amount = v[19]) .where(ProjectParameter.name ==
'recPrl') .execute ()

4261 ProjectParameter.update (amount = v[20]) .where(ProjectParameter.name ==
'recPsl') .execute()

4262 ProjectParameter.update (amount = v[21]) .where(ProjectParameter.name ==
'rSE') .execute()

4263 ProjectParameter.update (amount = v[22]) .where (ProjectParameter.name ==
'sPr') .execute()

4264 ProjectParameter.update (amount = v[23]) .where(ProjectParameter.name ==
'sPs') .execute()

4265 ProjectParameter.update (amount = v[24]) .where(ProjectParameter.name ==
"w') .execute ()

4266 ProjectParameter.update (amount = v[25]) .where (ProjectParameter.name ==
"TmpLiA'") .execute ()

4267 ProjectParameter.update (amount = v[26]) .where(ProjectParameter.name ==
'fac') .execute()

4268 ProjectParameter.update (amount = v[27]) .where (ProjectParameter.name ==
"locc'") .execute ()

4269 ProjectParameter.update (amount = v[28]) .where (ProjectParameter.name ==
'"ltrans') .execute ()

4270

4271 #calculate LCIA results

7 database param al (param names, param values)

4273 activity param al(param names, param values)

4274 functional unit = {Database('biorefdb').get("path"+s) : 1}

4275 lca = LCA(functional unit, i)

4276 lca.lci()

4277 lca.lcia()

4278 functional unit = {Database('biorefdb').get("ref"+s) : 1}
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4279 lca ref = LCA(functional unit, i)

4280 lca ref.lci()

4281 lca ref.lcia()

4282 delta = lca.score-lca ref.score

4283 GSA results.append(delta)

4284 #calculated sobol indices (first order only)

4285 si = sobol.analyze(problem, np.array(GSA results), print to console = True,
calc_second order = False)

4286 order al 9(si, problem, i, s, datestr)

4287

4288 # Deleting previously defined parameters, since otherwise errors occured.

4289 ProjectParameter.delete () .execute()

4290 DatabaseParameter.delete () .execute ()
4291 ActivityParameter.delete () .execute ()
4292 parameters

4293

4294 # Creating Saltelli Sample for Bl1_9 and B1_8

4295 problem ={'num vars': 27,

4296 'names': ['cO', 'cl', 'cLi', 'cPr', 'cPs', 'cx', 'DV1l',

4297 'ecen', 'ecult', 'edis', 'edry', 'efill','eSCE',

4298 'nin', 'pin', 'gcult', 'gdry',

4299 'recLiB', 'recPrl', 'recPsl',

4300 'rsCE', 'sPbr', 'spbs', 'w',

4301 'fac', 'locc', 'ltrans'],

4302 'bounds': [[0.004,0.03], [0.25,0.30]1, [0.12,0.15], [0.50,0.607,
[0.10,0.15], [0.15,0.245], [0,31,

4303 [.12,21, 10.03,51, [0.15,51, [0.01,0.5], [0.1,3], [0.1,1.35],

4304 [0.09,0.1], [0.003,0.0361, [0.0,2001, [1,51,

4305 [0.5,0.95], [0.7,0.99], [0.755,0.892],

4306 [0,15], [0.50,0.801, [0.264,0.73], [0.995,0.999],

4307 [6.74E-11,6.0E-10], [0.7, 2.8], [0.026, 0.14]1 1}

4308 input values = saltelli.sample(problem, 100, calc second order = False)
4309 print(input values.shape)

4310

4311 #Adding parameters to exchanges of activity "commonpath"

4312 p_cp = Database('biorefdb').get ('commonpath')

4313 WCult = list(p _cp.exchanges())[1]; WCult['formula']l = 'mWCult'; WCult.save()

4314 CO02= list(p_cp.exchanges()) [2]; CO2['formula']l = 'CO2in'; CO2.save()

4315 Urea = list(p_cp.exchanges())[3]; Ureal['formula']l = 'Nin'; Urea.save()

4316 Phosphorus = list(p_cp.exchanges()) [4]; Phosphorus['formula']l = 'Pin';
Phosphorus.save ()

4317 ElecCult = list(p_cp.exchanges()) [5]; ElecCult['formula'] = 'Ecult'; ElecCult.save()

4318 HeatCult = list(p_cp.exchanges()) [6]; HeatCult['formula'] = 'Ocult'; HeatCult.save()

4319 ElecHar = list(p cp.exchanges())[7]; ElecHar['formula']l = 'Ehar'; ElecHar.save()

4320 WDil = list(p_cp.exchanges())[8]; WDil['formula'] = 'mWDil'; WDil.save()

4321 ElecDis = list(p cp.exchanges())[9]; ElecDis['formula']l = 'Edis'; ElecDis.save()

4322 ElecSep = list(p_cp.exchanges())[10]; ElecSep['formula'] = 'Esep'; ElecSep.save()

4323 WasteW = list(p_cp.exchanges())[11]; WasteW['formula'] = 'mWWW'; WasteW.save()

4324 CO2em = list(p_cp.exchanges())[12]; CO2em['formula'] = '"COZout'; CO2em.save ()

4325 parameters.add exchanges to group("actparbioref bl 9", p cp)

4326

4327 #Adding parameters to exchanges of activity "B1"
4328 p_bl = Database('biorefdb').get('pathBl")

4329 EtOHSCE Bl = list(p bl.exchanges())[2]; EtOHSCE Bl['formula'] = 'mSCELl'";
EtOHSCE Bl.save()

4330 ElecSCE Bl = list(p bl.exchanges())[3]; ElecSCE Bl['formula'] = 'ESCE';
ElecSCE Bl.save()

4331 ElecEvaSCE Bl = list(p_bl.exchanges())[4]; ElecEvaSCE Bl['formula'] = 'EevaSCE';
ElecEvaSCE Bl.save()

4332 HeatEvaSCE Bl = list(p_bl.exchanges())[5]; HeatEvaSCE Bl['formula'] = 'QevaSCE';
HeatEvaSCE Bl.save()

4333 ElecConSCE Bl = list(p_bl.exchanges())[6]; ElecConSCE Bl['formula'] = 'EconSCE';
ElecConSCE_Bl.save()

4334 CoolConSCE Bl = list(p bl.exchanges())[7]; CoolConSCE Bl['formula'] = 'QconSCE';
CoolConSCE _Bl.save()

4335 Lip Bl = list(p bl.exchanges())[8]; Lip Bl['formula'] = 'LiB'; Lip Bl.save()

4336 Prot Bl 1 = list(p_bl.exchanges())[9]; Prot Bl 1['formula'] = 'MB'; Prot Bl l.save()

4337 ElecUF Bl = list(p bl.exchanges())[10]; ElecUF Bl['formula'] = 'EUF'; ElecUF Bl.save()

4338 WDF Bl = list(p bl.exchanges())[11]; WDF Bl['formula']l = 'mWDF'; WDF Bl.save()

4339 ElecDF Bl = list(p bl.exchanges())[12]; ElecDF Bl['formula'] = 'EDF'; ElecDF Bl.save()

4340 Polysac Bl = list(p_bl.exchanges())[13]; Polysac Bl['formula'] = "Ml 1';

Polysac_Bl.save()
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4341 Prot Bl 2 = list(p_bl.exchanges())[14]; Prot Bl 2['formula'] = "Ml 2';
Prot Bl 2.save()
4342 Infra Bl = list(p _bl.exchanges())[15]; Infra Bl1['formula'] = 'FacBl'; Infra Bl.save()
4343 Occ Bl = list(p bl.exchanges())[16]; Occ Bl['formula'] = 'LOB1l'; Occ_ Bl.save()
4344 Trans Bl = list(p_bl.exchanges())[17]; Trans Bl['formula']l = 'LTB1l'; Trans Bl.save()
4345 ElecDry Bl = list(p _bl.exchanges())[18]; ElecDry Bl['formula'] = 'Edryl';
ElecDry Bl.save()
4346 HeatDry Bl = list(p bl.exchanges())[19]; HeatDry Bl['formula'] = 'Odryl';

HeatDry Bl.save()

4347 parameters.add exchanges to group("actparbioref bl 9", p bl)

4348

4349 #Adding parameters to exchanges of reference activity for system Bl

4350 p_refbl = Database('biorefdb').get('refBl")

4351 surfactant refbl = list(p refbl.exchanges())[1]; surfactant refbl['formula']l =
'surfactant bl'; surfactant refbl.save()

4352 prot feed refbl = list(p refbl.exchanges())[2]; prot feed refbl['formula'] =
'prot feed bl'; prot feed refbl.save()

4353 maize refbl = list(p refbl.exchanges())[3]; maize refbl['formula'] = 'maize bl';
maize refbl.save()

4354 palm oil refbl = list(p refbl.exchanges())[4]; palm oil refbl['formula'] =
'palm oil bl'; palm oil refbl.save()

4355 energy feed refbl = list(p_refbl.exchanges())[5]; energy feed refbl['formula']l] =
'energy feed bl'; energy feed refbl.save()

4356 parameters.add_exchanges_to_group("actparbioref refbl 9", p refbl)

4357

4358 #Defining project parameters for Bl 9

4359 def project param bl 9(param names, param values, inval, it):
4360 project data = [

4361 {'name': 'cO0', 'amount': inval[it,01},

4362 {'name': 'cl', 'amount': invall[it,11},

4363 {'name': 'cLi', 'amount': invall[it,21},
4364 {'name': 'co2cons', 'amount': 2},

4365 {'name': 'co2in', 'amount': 4},

4366 {'name': 'cPr', 'amount': inval[it,31},
4367 {'name': 'cPs', 'amount': inval[it,41},
4368 {'name': 'cx', 'amount': inval[it,5]1},

4369 {'name': 'DV1', 'amount': inval[it,6]l},
4370 {'name': 'ecen', 'amount': invallit,71},
4371 {'name': 'econSCE', 'amount': 0.027},

4372 {'name': 'ecult', 'amount': inval[it,8]1},
4373 {'name': 'edis', 'amount': invall[it,9]1},
4374 {'name': 'edry', 'amount': invall[it,10]1},
4375 {'name': 'eevaSCE', 'amount': 0.027},

4376 {'name': 'efill', 'amount': inval[it,111},
4377 {'name': 'eSCE', 'amount': invall[it,12]},
4378 {'name': 'mDW', 'amount': 1},

4379 {'name': 'nin', 'amount': inval[it,131},
4380 {'name': 'pin', 'amount': inval[it,141},
4381 {'name': 'gconSCE', 'amount': 0.96},

4382 {'name': 'gcult', 'amount': invall[it,15]1},
4383 {'name': 'gdry', 'amount': invall[it,16]1},
4384 {'name': 'gevaSCE', 'amount': 0.96},

4385 {'name': 'recW',6 'amount': 0.9},

4386 {'name': 'recLiB', 'amount': invall[it,171},
4387 {'name': 'recPrl', 'amount': inval[it,18]},
4388 {'name': 'recPsl', 'amount': invall[it,19]1},
4389 {'name': '"rSCg', 'amount': inval[it,20]},
4390 {'name': 'sPr', 'amount': inval[it,211},
4391 {'name': 'sPs', 'amount': invall[it,221},
4392 {'name': 'w', 'amount': inval[it,231},

4393 {'name': 'fac', 'amount': invall[it,241},
4394 {'name': '"locc', 'amount': inval[it,25]1},
4395 {'name': '"ltrans', 'amount': invall[it,26]}
4396 1

4397 parameters.new project parameters(project data)
4398 for param in ProjectParameter.select():

4399 param_names.append (param.name)

4400 param values.append(param.amount)

4401

4402 #Defining database parameters for Bl 9

4403 def database param bl 9(param names, param values):

4404 database data = [
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4405
4406
4407
4408
4409
4410
4411
4412
4413
4414
4415
4416
4417
4418
4419
4420
4421
4422
4423
4424
4425
4426
4427
4428
4429
4430
4431
4432
4433

4434
4435
4436
4437
4438
4439
4440
4441
4442
4443
4444
4445
4446
4447
4448
4449
4450
4451
4452
4453

4454

{'name': 'mw0', 'formula': ' (mDW/cO)-mDW'},
{'name': 'mwl', 'formula': ' (mDW/cl)-mDW'},
{'name': 'deltamW',6 'formula': 'mWO-mwl'},

{'name': 'mWR', 'formula': 'recW*deltamW'},
{'name': 'mSDW', 'formula': ' (sPr*cPr+sPs*cPs)*mDW'},
{'name': 'mSW', 'formula': 'mSDW+w*mDW* (1-cx)/cx'},
{'name': 'cS0', 'formula': 'mSDW/mSW'},

{'name': 'impPsl', 'formula': 'l-recPrl'},

{'name': 'impPrl', 'formula': 'l-recPsl'},

{'name': 'Psl 1', 'formula': 'recPsl*sPs*cPs*mDW'},
{'name': 'Prl 1', 'formula': 'impPsl*sPr*cPr*mDW'},
{'name': 'Psl 2', 'formula': 'impPrl*sPs*cPs*mDW'},
{'name': 'Prl 2', 'formula': 'recPrl*sPr*cPr*mDW'},
{'name': 'mPDW', 'formula': 'mDW-mSDW'},

{'name': 'mPW', 'formula': 'mPDW+ (l-w)*mDW/cx'},
{'name': 'mSCE', 'formula': 'rSCE*mPDW'},

{'name': 'PrBl', 'formula': ' (l-sPr)*cPr*mDW'},

]

parameters.new database parameters(database data, "biorefdb")

for param in DatabaseParameter.select():
param names.append (param.name)
param values.append(param.amount)

#Defining activity parameters for Bl 9
def activity param bl 9(param names, param values):
activity data = [

{'name': 'mWWW', 'formula': '0.001* (deltamW-mWR)', 'database': 'biorefdb',
'code': 'actparl'},

{'name': 'mwCult', 'formula': 'mWO-mWR', 'database': 'biorefdb', 'code':
'actpar2'},

{'name': 'mwWwDil', 'formula': ' (mDW/cx)-(mDW/cl)', 'database': 'biorefdb',
'code': 'actpar3'},

{'name': 'Nin', 'formula': 'nin*mDW', 'database': 'biorefdb', 'code':
'actpar4d'},

{'name': 'Pin', 'formula': 'pin*mDW', 'database': 'biorefdb', 'code':
'actpar5'},

{'name': 'C0O2in', 'formula': 'co2in*mDW', 'database': 'biorefdb', 'code':
'actpar6'},

{'name': 'CO20ut', 'formula': 'mDW* (co2in-co2cons)', 'database': 'biorefdb',
'code': 'actpar7'},

{'name': 'Ecult', 'formula': 'ecult*mDW', 'database': 'biorefdb', 'code':
'actpar8'},

{'name': 'Qcult', 'formula': 'gcult*mDW', 'database': 'biorefdb', 'code':
'actpar9'},

{'name': 'Ehar', 'formula': 'ecen*0.001* (mDW/c0)', 'database': 'biorefdb',
'code': 'actparlO'},

{'name': 'Edis', 'formula': 'edis*mDW', 'database': 'biorefdb', 'code':
'actparll'},

{'name': 'Esep', 'formula': 'ecen*0.001* (mDW/cx)"', 'database': 'biorefdb',
'code': 'actparl2'},

{'name': 'mWDF', 'formula':
'actparl3'},

'DV1* (2/3)*mSW', 'database':

'biorefdb', 'code':

{'name': 'Edryl', 'formula': 'edry*mDW* (l1-cx)/cx+edry*mWDF', 'database':
'biorefdb', 'code': 'actparld'},

{'name': 'Qdryl', 'formula': 'gdry*mDW* (1-cx)/cx+qdry*mWDF', 'database':
'biorefdb', 'code': 'actparl5'},

{'name': 'EUF', 'formula': 'efill*0.001*mSW', 'database': 'biorefdb',
'code': 'actparlé'},

{'name': 'EDF', 'formula': '(2/3)*efill*0.001*mSW', 'database': 'biorefdb',
'code': 'actpar27'},

{'name': 'M1 1', 'formula': 'Psl 1+Prl 1', 'database': 'biorefdb', 'code':
'actparl8'},

{'name': 'M1 2', 'formula': 'Psl 2+Prl 2', 'database': 'biorefdb', 'code':
'actparl9'},

{'name': 'mSCEl', 'formula': '0.01*mSCE', 'database': 'biorefdb', 'code':

'actpar20'},

{'name': 'ESCE', 'formula': 'eSCE*mPDW', 'database':
'actpar2l'},
{'name': 'EevaSCE', 'formula': 'eevaSCE*mSCE', 'database':

'code': 'actpar22'},

'biorefdb', 'code':

'biorefdb',

180
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4455
4456
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4502
4503
4504
4505

4506
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{'name': 'QevaSCE', 'formula': 'gevaSCE*mSCE', 'database': 'biorefdb',
'code': 'actpar23'},

{'name': 'EconSCE', 'formula': 'econSCE*mSCE', 'database': 'biorefdb',
'code': 'actpar24'},

{'name': 'QconSCE', 'formula': 'gqconSCE*mSCE', 'database': 'biorefdb',
'code': 'actpar25'},

{'name': 'LiB', 'formula': 'recLiB*cLi*mDW', 'database': 'biorefdb', 'code':
'actpar26'},

{'name': 'MB', 'formula': 'mPDW-LiB', 'database': 'biorefdb', 'code':
'actpar27'},

{'name': 'FacBl', 'formula': 'fac', 'database': 'biorefdb', 'code':
'actpar28'},

{'name': 'LOBl', 'formula': 'locc', 'database': 'biorefdb', 'code':
'actpar29'},

{'name': 'LTB1l', 'formula': 'ltrans', 'database': 'biorefdb', 'code':

'actpar30'},
1

parameters.new_activity parameters(activity data, "actparbioref bl 9")

activity data ref = [
{'name': 'surfactant bl', 'formula': 'Psl 2+Prl 2', 'database': 'biorefdb',
'code': 'actpar3l'},
{'name': 'prot feed bl', 'formula': 'cPr*(l-sPr)', 'database': 'biorefdb',
'code': 'actpar32'},
{'name': 'maize bl', 'formula': 'Psl 1*0.9*0.67*1.63', 'database':
'biorefdb', 'code': 'actpar33'},
{'name': 'palm oil bl', 'formula': 'recLiB*cLi*mDW', 'database': 'biorefdb',
'code': 'actpar34'},
{'name': 'energy feed bl', 'formula':
'cPr* (1-sPr)*10.2+cPs* (1-sPs)*14.9+cLi* (1-recLiB) *35"', 'database':
'biorefdb', 'code': 'actpar35'},
1

parameters.new _activity parameters(activity data ref, "actparbioref refbl 9")

for param in ActivityParameter.select():
param names.append(param.name)
param values.append(param.amount)

#0rder results according to the sobol indice of first order
def order bl 9(si, problem, i, s, datestr):
ic = i[2]
GSA_df = pd.DataFrame ()
GSA df['Parameter'] = problem['names']
GSA df['S1'] = si['S1']
GSA df['Sl conf'] = si['Sl conf']
GSA df sl = GSA df.iloc[(-np.abs(GSA df['S1'].values)) .argsort()]
GSA df sl.to csv('{}\\{} scen9 dif sobol indice S1 {}.csv'.format(datestr,
ic))

#Calculating sobol indices for each impact category
sys = ['B1'"]

param names = []
param values = []
it=0

project param bl 9(param names, param values, input values, it)

for s in sys:
for i in 1m:
GSA results = []
print('System: ',s,' Impact Category: ', 1i[2])
for v in input values:
ProjectParameter.update (amount = v[0]) .where(ProjectParameter.name ==
'c0") .execute()

ProjectParameter.update (amount = v[1l]) .where(ProjectParameter.name ==
'cl').execute()
ProjectParameter.update (amount = v[2]) .where(ProjectParameter.name ==

'cLi'") .execute()
ProjectParameter.update (amount = v[3]) .where(ProjectParameter.name ==
'cPr') .execute()
ProjectParameter.update (amount = v[4]) .where(ProjectParameter.name ==
'cPs') .execute()
ProjectParameter.update (amount = v[5]) .where(ProjectParameter.name ==

Sy



Appendix B 182

'cx') .execute ()

4507 ProjectParameter.update (amount = v[6]) .where(ProjectParameter.name ==
'DV1'") .execute ()

4508 ProjectParameter.update (amount = v[7]) .where(ProjectParameter.name ==
'ecen') .execute ()

4509 ProjectParameter.update (amount = v[8]) .where(ProjectParameter.name ==
'ecult') .execute()

4510 ProjectParameter.update (amount = v[9]) .where (ProjectParameter.name ==
'edis') .execute()

4511 ProjectParameter.update (amount = v[10]) .where(ProjectParameter.name ==
'edry') .execute()

4512 ProjectParameter.update (amount = v[11]) .where(ProjectParameter.name ==
'efill') .execute()

4513 ProjectParameter.update (amount = v[12]) .where(ProjectParameter.name ==
'eSCE") .execute ()

4514 ProjectParameter.update (amount = v[13]) .where(ProjectParameter.name ==
'nin') .execute()

4515 ProjectParameter.update (amount = v[14]) .where(ProjectParameter.name ==
'pin') .execute ()

4516 ProjectParameter.update (amount = v[15]) .where(ProjectParameter.name ==
"gecult') .execute ()

4517 ProjectParameter.update (amount = v[16]) .where(ProjectParameter.name ==
'gdry') .execute()

4518 ProjectParameter.update (amount = v[17]) .where(ProjectParameter.name ==
'recLiB') .execute ()

4519 ProjectParameter.update (amount = v[18]) .where(ProjectParameter.name ==
'recPrl') .execute()

4520 ProjectParameter.update (amount = v[19]) .where(ProjectParameter.name ==
'recPsl') .execute()

4521 ProjectParameter.update (amount = v[20]) .where (ProjectParameter.name ==
'rSCE') .execute()

4522 ProjectParameter.update (amount = v[21]) .where(ProjectParameter.name ==
'sPr') .execute()

4523 ProjectParameter.update (amount = v[22]) .where(ProjectParameter.name ==
'sPs') .execute()

4524 ProjectParameter.update (amount = v[23]) .where(ProjectParameter.name ==
'w') .execute ()

4525 ProjectParameter.update (amount = v[24]) .where(ProjectParameter.name ==

'fac') .execute()

4526 ProjectParameter.update (amount = v[25]) .where (ProjectParameter.name ==
"locc') .execute()

4527 ProjectParameter.update (amount = v[26]) .where(ProjectParameter.name ==
'"ltrans') .execute ()

4528

4529 database param bl 9(param names, param values)

4530 activity param bl 9(param names, param values)

4531 functional unit = {Database('biorefdb').get("path"+s) : 1}

4532 lca = LCA(functional unit, i)

4533 lca.lci()

4534 lca.lcia()

4535 functional unit = {Database('biorefdb').get("ref"+s) : 1}

4536 lca ref = LCA(functional unit, i)

4537 lca ref.lci()

4538 lca ref.lcia()

4539 delta = lca.score-lca _ref.score

4540 GSA results.append(delta)

4541 si = sobol.analyze(problem, np.array(GSA results), print to console = True,

calc second order = False)

4542 order bl 9(si, problem, i, s, datestr)

4543

4544 # Deleting previously defined parameters, since otherwise errors occured.

4545 ProjectParameter.delete () .execute ()
4546 DatabaseParameter.delete () .execute()
4547 ActivityParameter.delete () .execute()
4548 parameters
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#Creating Database for scenario 8

bioref data scen8 = {
#Definition of reference substances of each impact category as biosphere flow
#Required for calculation of LCIA results
('biorefdb', 'GWP'): {'name': 'GWP', 'unit': 'kilogram',6 'type': 'biosphere'},
('biorefdb', 'ODP'): {'name': 'ODP', 'unit': 'kilogram',6 'type': 'biosphere'},

N
(626

i

IS
o oo o
U U1 U J J
g w N

NS



Appendix B

4556
4557

4558
4559

4560
4561
4562
4563
4564
4565
4566
4567
4568
4569
4570
4571
4572
4573
4574

4575
4576

4577
4578
4579
4580
4581
4582
4583
4584
4585
4586
4587
4588
4589
4590
4591
4592
4593
4594
4595
4596
4597
4598
4599

4600

('biorefdb', '"IR'): {'name': 'IR', 'unit': 'kilobecquerel', 'type': 'biosphere'},
('biorefdb', 'POFPHH'): {'name': 'POFPHH', 'unit': 'kilogram', 'type':
'biosphere'},

('biorefdb', '"PMF'): {'name': 'PMF', 'unit': 'kilogram',6 'type': 'biosphere'},
('biorefdb', 'POFPEQ'): {'name': 'POFPEQ', 'unit': 'kilogram', 'type':
'biosphere'},

('biorefdb', 'TAP'): {'name': 'TAP', 'unit': 'kilogram',6 'type': 'biosphere'},
('biorefdb', 'FEP'): {'name': 'FEP', 'unit': 'kilogram',6 'type': 'biosphere'},
('biorefdb', 'MEP'): {'name': 'MEP', 'unit': 'kilogram',6 'type': 'biosphere'},
('biorefdb', 'TETP'): {'name': 'TETP', 'unit': 'kilogram', 'type': 'biosphere'},
('biorefdb', 'FETP'): {'name': 'FETP', 'unit': 'kilogram', 'type': 'biosphere'},
('biorefdb', 'METP'): {'name': 'METP', 'unit': 'kilogram', 'type': 'biosphere'},
('biorefdb', 'HCTP'): {'name': 'HCTP', 'unit': 'kilogram', 'type': 'biosphere'},
('biorefdb', 'HNCTP'): {'name': 'HNCTP', 'unit': 'kilogram', 'type': 'biosphere'},
('biorefdb', 'LU'): {'name': 'LU', 'unit': 'squaremeter year', 'type':
'biosphere'}

('biorefdb',,'MRD'): {'name': 'MRD', 'unit': 'kilogram', 'type': 'biosphere'},
('biorefdb', 'FFD'): {'name': 'FFD', 'unit': 'kilogram',6 'type': 'biosphere'},
('biorefdb', 'H20'): {'name': 'H20', 'unit': 'cubic meter', 'type': 'biosphere'},
#Definition of additional biosphere flows occuring in the foreground system
('biorefdb', 'occupation'): {'name': 'occupation', 'unit': 'squaremeter year',
'type': 'biosphere'},

('biorefdb', 'transformation'): {'name': 'transformation',6 'unit':
'squaremeter', 'type': 'biosphere'},

#Definition of output flows

('biorefdb', 'lipidsA'): {'name': 'lipidsA', 'unit': 'kilogram', 'type':
'biosphere'},

('biorefdb', 'proteinsA'): {'name': 'proteinsA', 'unit': 'kilogram', 'type':
'biosphere'},

('biorefdb', 'lipidsB'): {'name': 'lipidsB', 'unit': 'kilogram',6 'type':
'biosphere'},

('biorefdb', 'proteinsB'): {'name': 'proteinsB', 'unit': 'kilogram', 'type':
'biosphere'},

('biorefdb', 'polysaccharidesl'): {'name': 'polysaccharidesl', 'unit':
'kilogram', 'type': 'biosphere'},

('biorefdb', 'proteinsl'): {'name': 'proteinsl', 'unit': 'kilogram',6 'type':
'biosphere'},

('biorefdb', 'polysaccharides2'): {'name': 'polysaccharides2', 'unit':
'kilogram', 'type': 'biosphere'},

('biorefdb', 'proteins2'): {'name': 'proteins2', 'unit': 'kilogram', 'type':

'biosphere'},
#Background system with names of datasets in ecoinvent 3.5 consequential
#Tap water{Europe without Switzerland}, underground without treatment

('biorefdb', 'water'): {'name': 'water', 'unit': 'kilogram', 'type': 'process',

'exchanges': [
{'"input': ('biorefdb', 'water'), 'amount': 1.0, 'unit': 'kilogram', 'type':
'production'},
{'input': ('biorefdb', 'GWP'), 'amount': 9.19e-05, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'ODP'), 'amount': 6.509999999999999%e-11, 'unit':
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'IR'), 'amount': 3.6e-05, 'unit': 'kilobecquerel',
'type': 'biosphere'},
{'input': ('biorefdb', 'POFPHH'), 'amount': 1.72e-07, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'PMF'), 'amount': 2.46e-07, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'POFPEQ'), 'amount': 1.7600000000000001e-07, 'unit':
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'TAP'), 'amount': 2.89e-07, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FEP'), 'amount': 7.21e-08, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'MEP'), 'amount': 5.01e-09, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'TETP'), 'amount': 0.000302872, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FETP'), 'amount': 9.68e-06, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'METP'), 'amount': 1.24e-05, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'HCTP'), 'amount': 4.63e-06, 'unit': 'kilogram',
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'type': 'biosphere'},

184

{'input': ('biorefdb', 'HNCTP'), 'amount': 0.000131634, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb’ 'LU'"), 'amount': 2.09e-05, 'unit': 'squaremeter

P ’ ' q

year', 'type': 'biosphere'},
{'"input': ('biorefdb', 'MRD'), 'amount': 4.
'type': 'biosphere'},
{'input': ('biorefdb', 'FFD'), 'amount': 2.
'type': 'biosphere'},
{'input': ('biorefdb', 'H20'), 'amount': O.
'"type': 'biosphere'}l},
#Flue gas as CO2 source, burden free
('biorefdb', 'CO2'): {'name': 'CO2', 'unit':
'exchanges': [
{'input': ('biorefdb', 'C02'), 'amount': 1.
'production'},
{'input': ('biorefdb', 'GWP'), 'amount': 0,
'biosphere'},
{'input': ('biorefdb', 'ODP'), 'amount': 0,
'biosphere'},
{'input': ('biorefdb', 'IR'), 'amount': O,
'biosphere'},
{'input': ('biorefdb', 'POFPHH'), 'amount':
'biosphere'},
{'input': ('biorefdb', 'PMF'), 'amount': O,
'biosphere'},
{'input': ('biorefdb', 'POFPEQ'), 'amount':
'biosphere'},
{'input': ('biorefdb', 'TAP'), 'amount': 0,
'biosphere'},
{'input': ('biorefdb', 'FEP'), 'amount': 0,
'biosphere'},
{'"input': ('biorefdb', 'MEP'), 'amount': O,
'biosphere'},

{'input': ('biorefdb', 'TETP'), 'amount': 0, 'unit':

'biosphere'},

{'input': ('biorefdb', 'FETP'), 'amount': 0, 'unit':

'biosphere'},

{'input': ('biorefdb', 'METP'), 'amount': 0, 'unit':

'biosphere'},

{'input': ('biorefdb', 'HCTP'), 'amount': 0, 'unit':

'biosphere'},
{'"input': ('biorefdb', 'HNCTP'), 'amount':
'biosphere'},
{'input': ('biorefdb', 'LU'), 'amount': O,
'type': 'biosphere'},
{'"input': ('biorefdb', 'MRD'), 'amount': O,
'biosphere'},
{'input': ('biorefdb', 'FFD'), 'amount': 0,
'biosphere'},
{'input': ('biorefdb', 'H20'), 'amount': 0,
'biosphere'}1},
#Urea, as N {GLO}, market for
('biorefdb', 'urea'): {'name':
'exchanges': [

'urea', 'unit':

{'input': ('biorefdb', 'urea'), 'amount': 1.

'production'},

{'"input': ('biorefdb', 'GWP'), 'amount': 3.
'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'ODP'), 'amount': 1.
'type': 'biosphere'},

{'input': ('biorefdb', 'IR'), 'amount': =0.
'kilobecquerel', 'type': 'biosphere'},
{'input': ('biorefdb', 'POFPHH'), 'amount':
'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'PMF'), 'amount': 0.
'type': 'biosphere'},

{'"input': ('biorefdb', 'POFPEQ'), 'amount':
'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'TAP'), 'amount': O.
'type': 'biosphere'},

{'input': ('biorefdb', 'FEP'), 'amount': O.

14e-07, 'unit': 'kilogram',
94e-05, 'unit': 'kilogram',

001000662, 'unit': 'cubic meter',

'kilogram', 'type': 'process',

0, 'unit': 'kilogram', 'type':
'unit': 'kilogram', 'type':
'unit': 'kilogram', 'type':

'unit': 'kilobecquerel', 'type':
0, 'unit': 'kilogram', 'type':
'unit': 'kilogram', 'type':

0, 'unit': 'kilogram', 'type':
'unit': 'kilogram', 'type':

'unit': 'kilogram', 'type':

'unit': 'kilogram', 'type':
'kilogram', 'type':
'kilogram', 'type':
'kilogram', 'type':
'kilogram', 'type':

0, 'unit': 'kilogram', 'type':

'unit': 'squaremeter year',
'unit': 'kilogram', 'type':

'unit': 'kilogram', 'type':

'unit': 'cubic meter', 'type':

'kilogram', 'type': 'process',
0, 'unit': 'kilogram', 'type':
8894564739999997, 'unit':
36e-06, 'unit': 'kilogram',
089660003, 'unit':
0.0047212090000000005, 'unit':
004883223, 'unit': 'kilogram',
0.0049160259999999996, 'unit':

014229499, 'unit': 'kilogram',

0005778469999999999, 'unit':
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'kilogram', 'type': 'biosphere'},

input': iore , '"MEP'), 'amount': . , 'unit': ilogram',
{1 ! ('bi fdb' ! ") ! ': 0.000115323, ' it!' 'kil !
'type': 'biosphere'},

{'"input': ('biorefdb', 'TETP'), 'amount': 19.2202542, 'unit': 'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'FETP'), 'amount': 0.060183911, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'METP'), 'amount': 0.09959797599999999, 'unit':
'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'HCTP'), 'amount': 0.053159011, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'HNCTP'), 'amount': 2.968096533, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'LU'), 'amount': 0.040138148, 'unit': 'squaremeter
year', 'type': 'biosphere'},

{"input': ('biorefdb', 'MRD'), 'amount': 0.011912731999999999, 'unit':
'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'FFD'), 'amount': 1.55431272, 'unit': 'kilogram',
'type': 'biosphere'},

{"input': ('biorefdb', 'H20'), 'amount': 0.18376514100000002, 'unit': 'cubic
meter', 'type': 'biosphere'}l},

#P-fertilizer, as P205{GLO}, market for
('biorefdb', 'p-fertilizer'): {'name': 'p-fertilizer', 'unit': 'kilogram',
'type': 'process', 'exchanges': [

{'input': ('biorefdb', 'p-fertilizer'), 'amount': 1.0, 'unit': 'kilogram',
'"type': 'production'},

{'input': ('biorefdb', 'GWP'), 'amount': 0.860056156, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'ODP'), 'amount': =-2.61le-05, 'unit': 'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'IR'), 'amount': 0.11128030800000001, 'unit':
'kilobecquerel', 'type': 'biosphere'},

{'input': ('biorefdb', 'POFPHH'), 'amount': 0.003998071, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'PMF'), 'amount': 0.008146645, 'unit': 'kilogram',
'type': 'biosphere'},

{"input': ('biorefdb', 'POFPEQ'), 'amount': 0.004065714000000001, 'unit':
'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'TAP'), 'amount': 0.015577354, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'FEP'), 'amount': 0.002341785, 'unit': 'kilogram',

'type': 'biosphere'},

{"input': ('biorefdb', 'MEP'), 'amount': 8.809999999999999e-05, 'unit':
'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'TETP'), 'amount': 11.31426411, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'FETP'), 'amount': 0.104942619, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'METP'), 'amount': 0.149328385, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'HCTP'), 'amount': 0.091493355, 'unit': 'kilogram',
'type': 'biosphere'},

{"input': ('biorefdb', 'HNCTP'), 'amount': 3.600045742, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'LU'), 'amount': 0.247027373, 'unit': 'squaremeter
year', 'type': 'biosphere'},

{'"input': ('biorefdb', 'MRD'), 'amount': 0.09812374, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'FED'), 'amount': 0.461347326, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'H20'), 'amount': 0.08618997800000001, 'unit': 'cubic

meter', 'type': 'biosphere'}l},

#Electricity, renewable (self-created dataset)

('biorefdb', 'electricity'): {'name': 'electricity', 'unit': 'kilowatt hour',
'type': 'process', 'exchanges': [
{'input': ('biorefdb', 'electricity'), 'amount': 1.0, 'unit': 'kilowatt
hour', 'type': 'production'},
{'input': ('biorefdb', 'GWP'), 'amount': 0.068283203, 'unit': 'kilogram',

'type': 'biosphere'},
{'input': ('biorefdb', 'ODP'), 'amount': 7.08e-08, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'IR"), 'amount': 0.0017612029999999998, 'unit':
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'kilobecquerel', 'type':

'biosphere'},

{'input': ('biorefdb', 'POFPHH'), 'amount': 0.000162259, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'PMF'), 'amount': 8.77e-05, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'POFPEQ'), 'amount': 0.000171108, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'TAP'), 'amount': =1.4099999999999999e-05, 'unit':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'FEP'), 'amount': 0.00010270799999999999, 'unit':
'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'MEP'), 'amount': 7.12e-06, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'TETP'), 'amount': 2.33932931, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'FETP'), 'amount': 0.069269115, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'METP'), 'amount': 0.087490765, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'HCTP'), 'amount': 0.012766573, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'HNCTP'), 'amount': 0.558347093, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'LU'), 'amount': 0.003898562, 'unit': 'squaremeter
year', 'type': 'biosphere'},

{'"input': ('biorefdb', 'MRD'), 'amount': 0.001838032, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'FFD'), 'amount': 0.016535662, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'H20'), 'amount': 0.001482361, 'unit': 'cubic meter',
'type': 'biosphere'}l},

#Heat, district or industrial,
co-generation, wood chips,

other than natural gas {DE}|

6667 kW, state-of-the-art 2014

heat and power

('biorefdb', 'heat'): {'name': 'heat', 'unit': 'megajoule', 'type': 'process',
'exchanges': [

{'"input': ('biorefdb', 'heat'), 'amount': 1.0, 'unit': 'megajoule', 'type':
'production'},
{'"input': ('biorefdb', 'GWP'), 'amount': -0.005144008, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'ODP'), 'amount': 5.04e-08, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'IR'), 'amount': =-1.21le-05, 'unit': 'kilobecquerel',
'type': 'biosphere'},

input': iore , POFPHH'), 'amount': . , 'unit': ilogram',
{"i Y ('Dbi fdb', ' )y, ! ': 0.00018823, ' it': 'kil !
'type': 'biosphere'},
{'"input': ('biorefdb', 'PMF'), 'amount': 4.04e-05, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'POFPEQ'), 'amount': 0.00019087, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'TAP'), 'amount': 0.000142898, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'FEP'), 'amount': =-2.6e-06, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'MEP'), 'amount': =5.63e-08, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'TETP'), 'amount': 0.102513495, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'FETP'), 'amount': -0.0030510290000000002, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'METP'), 'amount': -0.003631033, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'HCTP'), 'amount': =-0.00022276299999999998, 'unit':
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'HNCTP'), 'amount': 0.023122422000000004, 'unit':
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'LU'), 'amount': 0.0977421, 'unit': 'squaremeter
year', 'type': 'biosphere'},
{'input': ('biorefdb', 'MRD'), 'amount': -4.23e-05, 'unit': 'kilogram',
'type': 'biosphere'},

input': iore , '"FFD"), 'amount': =0. , 'unit':
{1 "r ('bi fdb', ' ), ! ! 0.0026224509999999996, 'unit'
'kilogram', 'type': 'biosphere'},
{"input': ('biorefdb', 'H20'), 'amount': =1.4400000000000001e-05, 'unit':
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'cubic meter', 'type': 'biosphere'}l},
#Ethanol, without water, in 99.7% solution state, from ethylene {RER}| market for
('biorefdb', 'ethanol'): {'name': 'ethanol', 'unit': 'kilogram', 'type':
'process', 'exchanges': [
{'input': ('biorefdb', 'ethanol'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'production'},
{'input': ('biorefdb', 'GWP'), 'amount': 1.56029725, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'ODP'), 'amount': 1.35e-07, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'IR'), 'amount': =0.028296747, 'unit':
'kilobecquerel', 'type': 'biosphere'},
{'input': ('biorefdb', 'POFPHH'), 'amount': 0.002894092, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'PMF'), 'amount': 0.000939472, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'POFPEQ'), 'amount': 0.0033342590000000004, 'unit':
'kilogram', 'type': 'biosphere'},
{"input': ('biorefdb', 'TAP'), 'amount': 0.0027426779999999997, 'unit':
'kilogram', 'type': 'biosphere'},
{"input': ('biorefdb', 'FEP'), 'amount': 0.0007628789999999999, 'unit':
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'MEP'), 'amount': 2.44e-05, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'TETP'), 'amount': 2.123625234, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FETP'), 'amount': 0.008949897, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'METP'), 'amount': 0.017024897, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'HCTP'), 'amount': 0.034938227, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'HNCTP'), 'amount': 0.872764434, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'LU'), 'amount': =-0.009886866, 'unit': 'squaremeter
year', 'type': 'biosphere'},
{'"input': ('biorefdb', 'MRD'), 'amount': 0.00226896, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FEFD'), 'amount': 1.0924729359999998, 'unit':
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'H20'), 'amount': 0.014553181, 'unit': 'cubic meter',
'type': 'biosphere'}l},

# Cooling energy {GLO} |

market for

('biorefdb', 'cooling'): {'name': 'cooling', 'unit': 'megajoule', 'type':

'process', 'exchanges': [
{'"input': ('biorefdb', 'cooling'), 'amount': 1.0, 'unit': 'megajoule',
'type': 'production'},
{'"input': ('biorefdb', 'GWP'), 'amount': 0.148086309, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'ODP'), 'amount': 4.3899999999999996e-08, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'IR'), 'amount': 0.002431879, 'unit':
'kilobecquerel', 'type': 'biosphere'},
{'"input': ('biorefdb', 'POFPHH'), 'amount': 0.00011507700000000001, 'unit
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'PMF'), 'amount': 7.96e-05, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'POFPEQ'), 'amount': 0.00012018200000000001, 'unit
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'TAP'), 'amount': 0.00012990299999999998, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'FEP'), 'amount': 2.64e-05, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'MEP'), 'amount': 1.57e-06, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'TETP'), 'amount': 0.301411366, 'unit': 'kilogram'
'type': 'biosphere'},
{'"input': ('biorefdb', 'FETP'), 'amount': 0.003692393, 'unit': 'kilogram'
'type': 'biosphere'},
{'"input': ('biorefdb', 'METP'), 'amount': 0.005241192, 'unit': 'kilogram'
'type': 'biosphere'},
{'"input': ('biorefdb', 'HCTP'), 'amount': 0.002323112, 'unit': 'kilogram'

’

’

’

’
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'type': 'biosphere'},
{'input': ('biorefdb', 'HNCTP'), 'amount': 0.102585919, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'LU'), 'amount': 0.001201341, 'unit': 'squaremeter
year', 'type': 'biosphere'},
{'"input': ('biorefdb', 'MRD'), 'amount': 0.000364303, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'FFD'), 'amount': 0.050946438, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'H20'), 'amount': 0.000699855, 'unit': 'cubic meter',
'type': 'biosphere'}l},
#wastewater from anaerobic digestion of whey {CH}| treatment of, capacity
1E91/year

('biorefdb’',
'process', !

'ww_har'): {'name': 'ww_har', 'unit': 'cubic meter', 'type':
exchanges': [

{'input': ('biorefdb', 'ww har'), 'amount': 1.0, 'unit': 'cubic meter',
'type': 'production'},

{'"input': ('biorefdb', 'GWP'), 'amount': 20.32592157, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'ODP'), 'amount': 4.52e-05, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'IR'), 'amount': 0.44849766700000004, 'unit':

'kilobecquerel', 'type': 'biosphere'},

{'input': ('biorefdb', 'POFPHH'), 'amount': 0.029642882000000002, 'unit':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'PMF'), 'amount': 0.008842205, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'POFPEQ'), 'amount': 0.030070711, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'TAP'), 'amount': 0.040892915, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'FEP'), 'amount': 0.090838881, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'MEP'), 'amount': 0.185435297, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'TETP'), 'amount': 30.79150239, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'FETP'), 'amount': 0.320852247, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'METP'), 'amount': 0.434904054, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'HCTP'), 'amount': -0.326284311, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'HNCTP'), 'amount': 7.27153051, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'LU'), 'amount': 0.282044226, 'unit': 'squaremeter
year', 'type': 'biosphere'},

{'"input': ('biorefdb', 'MRD'), 'amount': 0.135825883, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'FFD'), 'amount': 1.302806741, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'H20'), 'amount': =0.860724387, 'unit': 'cubic
meter', 'type': 'biosphere'}l},

#Chemical factory, organics {GLO}| market for

('biorefdb', 'factory'): {'name': 'factory', 'unit': 'piece', 'type': 'process',
'exchanges': [
{'input': ('biorefdb', 'factory'), 'amount': 1.0, 'unit': 'piece', 'type':
'production'},
{'input': ('biorefdb', 'GWP'), 'amount': 161325303.7, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'ODP'), 'amount': 92.41618267, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'IR'), 'amount': 6334595.857000001, 'unit':

'kilobecquerel', 'type': 'biosphere'},

{'input'
'type':
{'input'
'type':
{'input'
'type':
{'input’

: ('biorefdb', 'POFPHH'), 'amount': 443211.6364, 'unit': 'kilogram',

'biosphere'},
: ('biorefdb', 'PMF'), 'amount': 330038.917, 'unit': 'kilogram',
'biosphere'},

: ('biorefdb', 'POFPEQ'), 'amount': 456327.8635, 'unit': 'kilogram',

'biosphere'},
: ('biorefdb', 'TAP'), 'amount': 79006.31407000001, 'unit':

'kilogram', 'type': 'biosphere'},

188



Appendix B

4784
4785
4786
4787
4788
4789
4790
4791
4792
4793
4794

4795
4796

4797
4798
4799
4800
4801
4802
4803
4804
4805
4806
4807
4808
4809
4810
4811
4812
4813
4814
4815

4816
4817

4818
4819

4820

{'"input': ('biorefdb', 'FEP'), 'amount': 400235.6212, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'MEP'), 'amount': 20118.51368, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'TETP'), 'amount': 6367958232.0, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'FETP'), 'amount': 61895857.19, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'METP'), 'amount': 88013243.58, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'HCTP'), 'amount': 30734424.15, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'HNCTP'), 'amount': 2189105319.0, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'LU'), 'amount': 25599356.64, 'unit': 'squaremeter
year', 'type': 'biosphere'},

{'"input': ('biorefdb', 'MRD'), 'amount': 6846395.706, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'FFD'), 'amount': 37843582.45, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'H20'), 'amount': 1855436.5, 'unit': 'cubic meter',
'type': 'biosphere'}l},

#Enzymes {GLO}| market for enzymes

('biorefdb', 'enzymes'): {'name': 'enzymes', 'unit': 'kilogram',
'process', 'exchanges': [
{'input': ('biorefdb', 'enzymes'), 'amount': 1.0, 'unit':
'type': 'production'},
{'"input': ('biorefdb', 'GWP'), 'amount': 6.296996917, 'unit'
'type': 'biosphere'},
{"input': ('biorefdb', 'ODP'), 'amount': 2.9600000000000005e-05,
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'IR'), 'amount': 0.523030929, 'unit':

'kilobecquerel',

'type':

'biosphere'},

'type':

'kilogram',

: 'kilogram',

'unit':

{'input': ('biorefdb', 'POFPHH'), 'amount': 0.014013562, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'PMF'), 'amount': 0.011925445, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'POFPEQ'), 'amount': 0.014345896, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'TAP'), 'amount': 0.032129616, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'FEP'), 'amount': 0.003219702, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'MEP'), 'amount': 0.007980136, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'TETP'), 'amount': 40.96757371, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'FETP'), 'amount': 0.374935794, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'METP'), 'amount': 0.552888655, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'HCTP'), 'amount': 0.210816313, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'HNCTP'), 'amount': 19.72256277, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'LU'), 'amount': 5.74652368, 'unit': 'squaremeter
year', 'type': 'biosphere'},

{'"input': ('biorefdb', 'MRD'), 'amount': 0.032285844, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'FFD'), 'amount': 1.72119936, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'H20'), 'amount': 0.082586618, 'unit': 'cubic meter',
'type': 'biosphere'}l},

#Ammonium sulfate,

('biorefdb',

' (NH4)2S04"):

'process', 'exchanges': [
{'"input': ('biorefdb',
'"type': 'production'},
{'"input': ('biorefdb',
'kilogram', 'type':
{'input': ('biorefdb',
'type': 'biosphere'},

as N {GLO}| market for

{'name': ' (NH4)2S04', 'unit':

' (NH4)2S04'"), 'amount': 1.0,
'GWP'"),

'ODP'"), 'amount': 9.56e-07,

'kilogram',

'type':

'unit':

'amount': 3.9166014860000002,
'biosphere'},
'unit':

'kilogram',
'unit':

'kilogram',
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{"input': ('biorefdb', 'IR'), 'amount': -0.414434804, 'unit':
'kilobecquerel', 'type': 'biosphere'},

{'input': ('biorefdb', 'POFPHH'), 'amount': 0.004723794, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'PMF'), 'amount': 0.003349216, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'POFPEQ'), 'amount': 0.00493708, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'TAP'), 'amount': 0.005729025, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'FEP'), 'amount': 0.001541649, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'MEP'), 'amount': 8.13e-05, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'TETP'), 'amount': 10.17854414, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FETP'), 'amount': 0.018404289, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'METP'), 'amount': 0.050618932, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'HCTP'), 'amount': 0.09096229900000001, 'unit':
'kilogram', 'type': 'biosphere'},
{"input': ('biorefdb', 'HNCTP'), 'amount': 4.076291278999999, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'LU'), 'amount': 0.043661984, 'unit': 'squaremeter
year', 'type': 'biosphere'},
{'input': ('biorefdb', 'MRD'), 'amount': 0.01075181, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FFD'), 'amount': 1.343235775, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'H20'), 'amount': 0.025721355, 'unit': 'cubic meter',
'type': 'biosphere'}l},

#Isopropanol {RER}| market for isopropanol

('biorefdb', 'isopropanol'): {'name': 'isopropanol', 'unit': 'kilogram', 'type':

'process', 'exchanges': [

{'input': ('biorefdb', 'isopropanol'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'production'},

{'"input': ('biorefdb', 'GWP'), 'amount': 2.169168902, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'ODP'), 'amount': 2.5e-07, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'IR'), 'amount': 0.011198045, 'unit':
'kilobecquerel', 'type': 'biosphere'},

{'input': ('biorefdb', 'POFPHH'), 'amount': 0.0038463390000000003, 'unit':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'PMF'), 'amount': 0.002066798, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'POFPEQ'), 'amount': 0.004434227, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'TAP'), 'amount': 0.005395626, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'FEP'), 'amount': 0.000376951, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'MEP'), 'amount': 2.22e-05, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'TETP'), 'amount': 4.749488885, 'unit': 'kilogram',
'type': 'biosphere'},

{"input': ('biorefdb', 'FETP'), 'amount': 0.030568757000000002, 'unit':
'kilogram', 'type': 'biosphere'},

{"input': ('biorefdb', 'METP'), 'amount': 0.045422647999999996, 'unit':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'HCTP'), 'amount': 0.038111464, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'HNCTP'), 'amount': 1.186796363, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'LU'), 'amount': 0.013328415, 'unit': 'squaremeter
year', 'type': 'biosphere'},

{'"input': ('biorefdb', 'MRD'), 'amount': 0.003405435, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'FFD'), 'amount': 1.367379797, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'H20'), 'amount': 0.018076459, 'unit': 'cubic meter',
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'"type': 'biosphere'}l},
#Wastewater, average {Europe without Switzerland}| market for wastewater, average
('biorefdb', 'ww dl'): {'name': 'ww dl', 'unit': 'cubic meter', 'type':
'process', 'exchanges': [

{'input': ('biorefdb', 'ww dl'), 'amount': 1.0, 'unit': 'cubic meter',

'type': 'production'},

{'input': ('biorefdb', 'GWP'), 'amount': 0.491133658, 'unit': 'kilogram',

'type': 'biosphere'},

{'"input': ('biorefdb', 'ODP'), 'amount': 1.43e-06, 'unit': 'kilogram',

'type': 'biosphere'},

{"input': ('biorefdb', 'IR'), 'amount': 0.017610043, 'unit':

'kilobecquerel', 'type': 'biosphere'},

{'input': ('biorefdb', 'POFPHH'), 'amount': 0.0017711970000000002, 'unit':

'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'PMF'), 'amount': 0.001420767, 'unit':

'type': 'biosphere'},

{'input': ('biorefdb', 'POFPEQ'), 'amount': 0.00182678, 'unit'

'type': 'biosphere'},

'kilogram',

: 'kilogram',

{"input': ('biorefdb', 'TAP'), 'amount': 0.0034705709999999996, 'unit':

'kilogram', 'type': 'biosphere'},

{"input': ('biorefdb', 'FEP'), 'amount': 0.001106749, 'unit':

'type': 'biosphere'},

{'"input': ('biorefdb', 'MEP'), 'amount': 0.005795862, 'unit':

'kilogram',

'kilogram',

'type': 'biosphere'},
{'input': ('biorefdb', 'TETP'), 'amount': 2.459676588, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FETP'), 'amount': 0.037998104, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'METP'), 'amount': 0.051588342, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'HCTP'), 'amount': 0.080949175, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'HNCTP'), 'amount': 2.900621667, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'LU'), 'amount': 0.031182364, 'unit': 'squaremeter
year', 'type': 'biosphere'},
{'"input': ('biorefdb', 'MRD'), 'amount': 0.013125474, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'FED'), 'amount': 0.106659746, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'H20'), 'amount': -0.895042907, 'unit': 'cubic
meter', 'type': 'biosphere'}l},
# Foreground system
('biorefdb', 'commonpath'): {'name': 'commonpath', 'unit': 'kilogram',6 'type':
Al L} L} Al
process', 'exchanges': [
# Algae biomass, dry mass
{'input': ('biorefdb', 'commonpath'), 'amount': 1.0, 'unit': 'kilogram',
'"type': 'production'},
# Water required for cultivation
{'input': ('biorefdb', 'water'), 'amount': 0.0, 'unit': 'kilogram',6 'type':
'technosphere'},
# CO2 required for cultivation
{'"input': ('biorefdb', 'C02'), 'amount': 4.0, 'unit': 'kilogram',6 'type':
'technosphere'},
# Urea as N-source required for cultivation
{'input': ('biorefdb', 'urea'), 'amount': 0.1, 'unit': 'kilogram', 'type':
'technosphere'},
# P-fertilizer required for cultivation
{'input': ('biorefdb', 'p-fertilizer'), 'amount': 0.025, 'unit':
'kilogram', 'type': 'technosphere'},
# Electricity required for cultivation
{'input': ('biorefdb', 'electricity'), 'amount': 30.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},
# Heat required for cultivation
{'"input': ('biorefdb', 'heat'), 'amount': 1000.0, 'unit': 'megajoule',
'type': 'technosphere'},
# Electricity required for harvesting
{'"input': ('biorefdb', 'electricity'), 'amount': 0.1, 'unit': 'kilowatt
hour', 'type': 'technosphere'},
# Water required for dilution
{'input': ('biorefdb', 'water'), 'amount': 5.0, 'unit': 'kilogram', 'type':

'technosphere'},
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# Electricity required for cell disruption

{'input': ('biorefdb', 'electricity'), 'amount': 50.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},
# Electricity required for centrifugation
{'input': ('biorefdb', 'electricity'), 'amount': 0.01, 'unit': 'kilowatt
hour', 'type': 'technosphere'},
# Wastewater after harvesting, including excess nutrients
{'input': ('biorefdb', 'ww dl'), 'amount': 0.0095, 'unit': 'cubic meter',
'type': 'technosphere'},
# CO2 emissions of cultivation stage
{'"input': ('biorefdb', 'GWP'), 'amount': 2.0, 'unit': 'kilogram', 'type':
'biosphere'}1},
('biorefdb', 'pathAl'): {'name': 'pathAl', 'unit': 'kilogram', 'type':
'process', 'exchanges': [

# Reference flow: treated algae biomass, dry mass

{'"input': ('biorefdb', 'pathAl'), 'amount': 1.0, 'unit': 'kilogram',6 'type':

'production'},
# Cultivated algae biomass, dry mass

{'input': ('biorefdb', 'commonpath'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'technosphere'},

# Solvent required for lipid extraction (PathA)

{'input': ('biorefdb', 'ethanol'), 'amount': 0.1, 'unit': 'cubic meter',
'type': 'technosphere'},

# Electricity required for solvent extraction (PathA)

{'"input': ('biorefdb', 'electricity'), 'amount': 0.0192, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for solvent extraction (PathA)

{'"input': ('biorefdb', 'heat'), 'amount': 46753.0, 'unit': 'megajoule',
'type': 'technosphere'},

# Electricity required for centrifugation (PathA)

{'input': ('biorefdb', 'electricity'), 'amount': 0.103, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Electricity required for evaporation of solvent (PathA)

{'input': ('biorefdb', 'electricity'), 'amount': 43475.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for evaporation of solvent (PathAa)

{'input': ('biorefdb', 'heat'), 'amount': 33.6, 'unit': 'megajoule', 'type':

'technosphere'},
# Electricity required for condensation of solvent (PathA)

{'"input': ('biorefdb', 'electricity'), 'amount': 43475.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Cooling energy required for condensation of solvent (PathA)

{'"input': ('biorefdb', 'cooling'), 'amount': 33.6, 'unit': 'megajoule',
'type': 'technosphere'},

# Extracted lipids (PathA)

{'"input': ('biorefdb', 'lipidsA'), 'amount': 0.104, 'unit': 'kilogram',
'type': 'biosphere'},

# Protein-rich residue (PathA)

{'input': ('biorefdb', 'proteinsA'), 'amount': 0.537, 'unit': 'kilogram',
'type': 'biosphere'},

# Electricity required for ultrafiltration (Pathl)

{'input': ('biorefdb', 'electricity'), 'amount': 0.028, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Water required for diafiltration (Pathl)

{'input': ('biorefdb', 'water'), 'amount': 49.8, 'unit': 'kilogram',6 'type':

'technosphere'},

# Electricity required for diafiltration (Pathl)

{'"input': ('biorefdb', 'electricity'), 'amount': 0.0187, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Extracted polysaccarides (Pathl)

{'input': ('biorefdb', 'polysaccharidesl'), 'amount': 0.205, 'unit':
'kilogram', 'type': 'biosphere'},

# Extracted proteins (Pathl)

{'input': ('biorefdb', 'proteinsl'), 'amount': 0.154, 'unit': 'kilogram',
'type': 'biosphere'},

# Infrstructure of biorefinery (PathAl)

{'input': ('biorefdb', 'factory'), 'amount': 4e-10, 'unit': 'piece', 'type':

'technosphere'},

# Land occupation of biorefinery (PathAl)

{'input': ('biorefdb', 'occupation'), 'amount': 1.0, 'unit': 'squaremeter
year', 'type': 'biosphere'},

# Landtransformation of biorefinery (PathAl)
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{'"input': ('biorefdb', 'transformation'), 'amount': 0.05, 'unit':
'squaremeter', 'type': 'biosphere'},
# Electricity required for drying (PathAl)
{'input': ('biorefdb', 'electricity'), 'amount': 43589.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},
# Heat required for drying (PathAl)
{'input': ('biorefdb', 'heat'), 'amount': 45.0, 'unit': 'megajoule', 'type':
'technosphere'}]},
('biorefdb', 'pathA2'): {'name': 'pathA2', 'unit': 'kilogram', 'type':
'process', 'exchanges': [

# Reference flow: treated algae biomass, dry mass

{'input': ('biorefdb', 'pathA2'), 'amount': 1.0, 'unit': 'kilogram',6 'type':
'production'},

# Cultivated algae biomass, dry mass

{'input': ('biorefdb', 'commonpath'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'technosphere'},

# Solvent required for lipid extraction (PathA)

{'input': ('biorefdb', 'ethanol'), 'amount': 0.1, 'unit': 'cubic meter',
'type': 'technosphere'},

# Electricity required for solvent extraction (PathA)

{'"input': ('biorefdb', 'electricity'), 'amount': 0.0192, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for solvent extraction (PathA)

{'input': ('biorefdb', 'heat'), 'amount': 46753.0, 'unit': 'megajoule',
'type': 'technosphere'},

# Electricity required for centrifugation (PathA)

{'input': ('biorefdb', 'electricity'), 'amount': 0.103, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Electricity required for evaporation of solvent (PathA)

{'"input': ('biorefdb', 'electricity'), 'amount': 43475.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for evaporation of solvent (PathA)

{'input': ('biorefdb', 'heat'), 'amount': 33.6, 'unit': 'megajoule', 'type':

'technosphere'},
# Electricity required for condensation of solvent (PathA)

{'"input': ('biorefdb', 'electricity'), 'amount': 43475.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},
# Cooling energy required for condensation of solvent (PathA)
{'input': ('biorefdb', 'cooling'), 'amount': 33.6, 'unit': 'megajoule',
'type': 'technosphere'},
# Extracted lipids (PathA)
{'input': ('biorefdb', 'lipidsA'), 'amount': 0.104, 'unit': 'kilogram',
'type': 'biosphere'},
# Protein-rich residue (PathA)
{'input': ('biorefdb', 'proteinsA'), 'amount': 0.537, 'unit': 'kilogram',
'type': 'biosphere'},

Water require or TPP (Pat - optional, only 1 iomass content is
# ired f ( h2) i 1 ly if Dbi i
higher 3.75%
{'input': ('biorefdb', 'water'), 'amount': 0.925, 'unit': 'kilogram',
'type': 'technosphere'},
# Enzymes required for TPP (Path2)
{'input': ('biorefdb', 'enzymes'), 'amount': 0.016, 'unit': 'kilogram',
'type': 'technosphere'},
# Ammonium sulphate required for TPP (Path2)
{'input': ('biorefdb', '(NH4)2S04'), 'amount': 0.4, 'unit': 'kilogram',
'type': 'technosphere'},
# Isopropanol required for TPP (Path2)
{'input': ('biorefdb', 'isopropanol'), 'amount': 1.572, 'unit': 'kilogram',
'type': 'technosphere'},
# Electricity required for TPP (Path2)
{'input': ('biorefdb', 'electricity'), 'amount': 0.0108, 'unit': 'kilowatt
hour', 'type': 'technosphere'},
# Water required for dialysis (Path2)
{'input': ('biorefdb', 'water'), 'amount': 10.0, 'unit': 'kilogram',6 'type':

'technosphere'},
# Electricity required for dialysis (Path2)

{'input': ('biorefdb', 'electricity'), 'amount': 0.6, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Wastewater from dialysis (Path2)

{'input': ('biorefdb', 'ww dl'), 'amount': 1.0, 'unit': 'cubic meter',
'type': 'technosphere'},

# Extracted polysaccarides (Path2)
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{'"input': ('biorefdb', 'polysaccharides2'), 'amount': 0.0556, 'unit':
'kilogram', 'type': 'biosphere'},

# Extracted proteins (Path2)

{'"input': ('biorefdb', 'proteins2'), 'amount': 0.182, 'unit': 'kilogram',
'type': 'biosphere'},

# Infrstructure of biorefinery (PathA2)

{'input': ('biorefdb', 'factory'), 'amount': 4e-10, 'unit': 'piece',6 'type':

'technosphere'},
# Land occupation of biorefinery (PathA2)

{'input': ('biorefdb', 'occupation'), 'amount': 1.0, 'unit': 'squaremeter
year', 'type': 'biosphere'},

# Landtransformation of biorefinery (PathA2)

{'"input': ('biorefdb', 'transformation'), 'amount': 0.05, 'unit':
'squaremeter', 'type': 'biosphere'},

# Electricity required for drying (PathA2)

{'"input': ('biorefdb', 'electricity'), 'amount': 43589.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for drying (PathA2)

{'input': ('biorefdb', 'heat'), 'amount': 45.0, 'unit': 'megajoule', 'type':

'technosphere'},

# Electricity required for centrifugation before (TPP) -optional, only if
biomass content is below 3%

{'input': ('biorefdb', 'electricity'), 'amount': 0.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Wastewater of centrifugation before (TPP) -optional, only if biomass
content is below 3%

{'input': ('biorefdb', 'ww dl'), 'amount': 0.0, 'unit': 'cubic meter',
'type': 'technosphere'}l},
('biorefdb', 'pathBl'): {'name': 'pathBl', 'unit': 'kilogram',6 'type':
'process', 'exchanges': [

# Reference flow: treated algae biomass, dry mass

{'input': ('biorefdb', 'pathBl'), 'amount': 1.0, 'unit': 'kilogram',6 'type':

'production'},
# Cultivated algae biomass, dry mass

{'input': ('biorefdb', 'commonpath'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'technosphere'},

# Ethanol required for SC-CO2 Extraction (PathB)

{'"input': ('biorefdb', 'ethanol'), 'amount': 0.128, 'unit': 'kilogram',
'type': 'technosphere'},

# Electricity required for SC-CO2 Extraction (PathB)

{'input': ('biorefdb', 'electricity'), 'amount': 0.641, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Electricity required for evaporation of ethanol (PathB)

{'input': ('biorefdb', 'electricity'), 'amount': 16862.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for evaporation of ethanol (PathB)

{'input': ('biorefdb', 'heat'), 'amount': 43536.0, 'unit': 'megajoule',
'type': 'technosphere'},

# Electricity required for condensation of ethanol (PathB)

{'"input': ('biorefdb', 'electricity'), 'amount': 16862.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Cooling energy required for condensation of ethanol (PathB)

{'input': ('biorefdb', 'cooling'), 'amount': 43536.0, 'unit': 'megajoule',
'type': 'technosphere'},

# Extracted lipids (PathB)

{'"input': ('biorefdb', 'lipidsB'), 'amount': 0.104, 'unit': 'kilogram',
'type': 'biosphere'},

# # Protein-rich residue (PathB)

{'input': ('biorefdb', 'proteinsB'), 'amount': 0.512, 'unit': 'kilogram',
'type': 'biosphere'},

# Electricity required for ultrafiltration (Pathl)

{'input': ('biorefdb', 'electricity'), 'amount': 0.028, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Water required for diafiltration (Pathl)

{'input': ('biorefdb', 'water'), 'amount': 49.8, 'unit': 'kilogram',6 'type':

'technosphere'},

# Electricity required for diafiltration (Pathl)

{'"input': ('biorefdb', 'electricity'), 'amount': 0.0187, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Extracted polysaccarides (Pathl)

{'input': ('biorefdb', 'polysaccharidesl'), 'amount': 0.205, 'unit':
'kilogram', 'type': 'biosphere'},
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5040 # Extracted proteins (Pathl)

5041 {'input': ('biorefdb', 'proteinsl'), 'amount': 0.154, 'unit': 'kilogram',
'type': 'biosphere'},

5042 # Infrstructure of biorefinery (PathBl)

5043 {'input': ('biorefdb', 'factory'), 'amount': 4e-10, 'unit': 'piece', 'type':
'technosphere'},

5044 # Land occupation of biorefinery (PathBl)

5045 {'input': ('biorefdb', 'occupation'), 'amount': 1.0, 'unit': 'squaremeter
year', 'type': 'biosphere'},

5046 # Landtransformation of biorefinery (PathBl)

5047 {'input': ('biorefdb', 'transformation'), 'amount': 0.05, 'unit':
'squaremeter', 'type': 'biosphere'},

5048 # Electricity required for drying (PathBl)

5049 {'input': ('biorefdb', 'electricity'), 'amount': 43589.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

5050 # Heat required for drying (PathBl)

5051 {'input': ('biorefdb', 'heat'), 'amount': 45.0, 'unit': 'megajoule', 'type':
'technosphere'}]},

5052 ('biorefdb', 'pathB2'): {'name': 'pathB2', 'unit': 'kilogram',6 'type':

'process', 'exchanges': [

5053 # Reference flow: treated algae biomass, dry mass

5054 {'input': ('biorefdb', 'pathB2'), 'amount': 1.0, 'unit': 'kilogram',6 'type':
'production'},

5055 # Cultivated algae biomass, dry mass

5056 {'input': ('biorefdb', 'commonpath'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'technosphere'},

5057 # Ethanol required for SC-CO2 Extraction (PathB)

5058 {'input': ('biorefdb', 'ethanol'), 'amount': 0.128, 'unit': 'kilogram',
'type': 'technosphere'},

5059 # Electricity required for SC-CO2 Extraction (PathB)

5060 {'input': ('biorefdb', 'electricity'), 'amount': 0.641, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

5061 # Electricity required for evaporation of ethanol (PathB)

5062 {'input': ('biorefdb', 'electricity'), 'amount': 16862.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

5063 # Heat required for evaporation of ethanol (PathB)

5064 {'"input': ('biorefdb', 'heat'), 'amount': 43536.0, 'unit': 'megajoule',
'type': 'technosphere'},

5065 # Electricity required for condensation of ethanol (PathB)

5066 {'"input': ('biorefdb', 'electricity'), 'amount': 16862.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

5067 # Cooling energy required for condensation of ethanol (PathB)

5068 {'"input': ('biorefdb', 'cooling'), 'amount': 43536.0, 'unit': 'megajoule',
'type': 'technosphere'},

5069 # Extracted lipids (PathB)

5070 {'"input': ('biorefdb', 'lipidsB'), 'amount': 0.104, 'unit': 'kilogram',
'type': 'biosphere'},

5071 # # Protein-rich residue (PathB)

5072 {'input': ('biorefdb', 'proteinsB'), 'amount': 0.512, 'unit': 'kilogram',
'type': 'biosphere'},

5073 # Water required for TPP (Path2) - optional, only if biomass content is
higher 3.75%

5074 {'input': ('biorefdb', 'water'), 'amount': 0.925, 'unit': 'kilogram',
'type': 'technosphere'},

5075 # Enzymes required for TPP (Path2)

5076 {'input': ('biorefdb', 'enzymes'), 'amount': 0.016, 'unit': 'kilogram',
'type': 'technosphere'},

5077 # Ammonium sulphate required for TPP (Path2)

5078 {'input': ('biorefdb', ' (NH4)2S04'), 'amount': 0.4, 'unit': 'kilogram',
'type': 'technosphere'},

5079 # Isopropanol required for TPP (Path2)

5080 {'input': ('biorefdb', 'isopropanol'), 'amount': 1.572, 'unit': 'kilogram',
'type': 'technosphere'},

5081 # Electricity required for TPP (Path2)

5082 {'"input': ('biorefdb', 'electricity'), 'amount': 0.0108, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

5083 # Water required for dialysis (Path2)

5084 {'"input': ('biorefdb', 'water'), 'amount': 10.0, 'unit': 'kilogram',6 'type':
'technosphere'},

5085 # Electricity required for dialysis (Path2)

5086 {'input': ('biorefdb', 'electricity'), 'amount': 0.6, 'unit': 'kilowatt

hour', 'type': 'technosphere'},
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# Wastewater from dialysis (Path2)

{'input': ('biorefdb', 'ww dl'), 'amount': 1.0, 'unit': 'cubic meter',
'type': 'technosphere'},

# Extracted polysaccarides (Path2)

{'input': ('biorefdb', 'polysaccharides2'), 'amount': 0.0556, 'unit':
'kilogram', 'type': 'biosphere'},

# Extracted proteins (Path2)

{'input': ('biorefdb', 'proteins2'), 'amount': 0.182, 'unit': 'kilogram',
'type': 'biosphere'},

# Infrstructure of biorefinery (PathB2)

{'input': ('biorefdb', 'factory'), 'amount': 4e-10, 'unit': 'piece',6 'type':

'technosphere'},
# Land occupation of biorefinery (PathB2)

{'input': ('biorefdb', 'occupation'), 'amount': 1.0, 'unit': 'squaremeter
year', 'type': 'biosphere'},

# Landtransformation of biorefinery (PathB2)

{'input': ('biorefdb', 'transformation'), 'amount': 0.05, 'unit':
'squaremeter', 'type': 'biosphere'},

# Electricity required for drying (PathB2)

{'input': ('biorefdb', 'electricity'), 'amount': 43589.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Heat required for drying (PathB2)

{'input': ('biorefdb', 'heat'), 'amount': 45.0, 'unit': 'megajoule', 'type':

'technosphere'},
# Electricity required for centrifugation before (TPP) -optional, only if
biomass content is below 3%

{'input': ('biorefdb', 'electricity'), 'amount': 0.0, 'unit': 'kilowatt
hour', 'type': 'technosphere'},

# Wastewater of centrifugation before (TPP) -optional, only if biomass

content is below 3%

{'input': ('biorefdb', 'ww dl'), 'amount': 0.0, 'unit': 'cubic meter',

'type': 'technosphere'}l},

# Reference products with names of datasets in ecoinvent 3.5 consequential
# Non-ionic surfactant {GLO}| non-ionic surfactant production, ethylene oxide
derivate

('biorefdb', 'surfactant'): {'name': 'surfactant', 'unit': 'kilogram',6 'type':
'process', 'exchanges': [
{'"input': ('biorefdb', 'surfactant'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'production'},
{'"input': ('biorefdb', 'GWP'), 'amount': 3.573787608, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'ODP'), 'amount': 6.35e-06, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'IR'), 'amount': 0.167546602, 'unit':
'kilobecquerel', 'type': 'biosphere'},
{'"input': ('biorefdb', 'POFPHH'), 'amount': 0.008373130999999999, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'PMF'), 'amount': 0.004082067, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'POFPEQ'), 'amount': 0.01002317, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'TAP'), 'amount': 0.009541993, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FEP'), 'amount': 0.000876223, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'MEP'), 'amount': 0.002523184, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'TETP'), 'amount': 9.711496295, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'FETP'), 'amount': 0.19278824100000003, 'unit':
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'METP'), 'amount': 0.176157037, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'HCTP'), 'amount': 0.108211368, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'HNCTP'), 'amount': 4.003204053, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'LU'), 'amount': 1.630109553, 'unit': 'squaremeter
year', 'type': 'biosphere'},
{"input': ('biorefdb', 'MRD'), 'amount': 0.013519456000000001, 'unit':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'FFD'), 'amount': 1.58879178, 'unit': 'kilogram',
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'type':
{'input’
'type':

'biosphere'},
: ('biorefdb',
'biosphere'}1},

'H20"),

'amount': 0.23974453,

# Protein feed, 100% crude {GLO}| market for

'unit':

'cubic meter',

('biorefdb', 'protein feed'): {'name': 'protein feed', 'unit': 'kilogram',

'type': 'process', 'exchanges': [
{'input': ('biorefdb', 'protein feed'), 'amount': 1.0, 'unit': 'kilogram',
'type': 'production'},
{"input': ('biorefdb', 'GWP'), 'amount': 7.3135696370000005, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'ODP'), 'amount': =7.67e-06, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'IR'), 'amount': =-0.023477968, 'unit':
'kilobecquerel', 'type': 'biosphere'},
{'input': ('biorefdb', 'POFPHH'), 'amount': 0.0015728839999999999, 'unit':
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'PMF'), 'amount': 0.004774945, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'POFPEQ'), 'amount': 0.002542415, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'TAP'), 'amount': -0.007876243, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'FEP'), 'amount': 0.00010248100000000001, 'unit':
'kilogram', 'type': 'biosphere', 'output': ('biorefdb', 'protein feed')},
{'"input': ('biorefdb', 'MEP'), 'amount': =-0.0038912559999999996, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'TETP'), 'amount': =-1.6105240980000002, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'FETP'), 'amount': 0.025934677000000003, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'METP'), 'amount': -0.036448784, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'HCTP'), 'amount': -0.016538496, 'unit': 'kilogram',
'type': 'biosphere'},
{"input': ('biorefdb', 'HNCTP'), 'amount': =3.9890310610000004, 'unit':
'kilogram', 'type': 'biosphere'},
{'"input': ('biorefdb', 'LU'), 'amount': 8.89736254, 'unit': 'squaremeter
year', 'type': 'biosphere'},
{'input': ('biorefdb', 'MRD'), 'amount': -0.008187308, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'FFD'), 'amount': 0.056895017, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'H20'), 'amount': -0.570542564, 'unit': 'cubic
meter', 'type': 'biosphere'}l},

# Energy feed,

('biorefdb', 'energy feed'):

gross {GLO}| market for

{"'name':

'energy feed', 'unit':

'megajoule’',

'type': 'process', 'exchanges': [
{'input': ('biorefdb', 'energy feed'), 'amount': 1.0, 'unit': 'megajoule',
'type': 'production'},
{"input': ('biorefdb', 'GWP'), 'amount': -0.0040823790000000006, 'unit':
'kilogram', 'type': 'biosphere'},
{'input': ('biorefdb', 'ODP'), 'amount': 7.37e-07, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'IR'), 'amount': 0.000651737, 'unit':
'kilobecquerel', 'type': 'biosphere'},
{'input': ('biorefdb', 'POFPHH'), 'amount': 0.000122428, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'PMF'), 'amount': 4.92e-05, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'POFPEQ'), 'amount': 0.000118854, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'TAP'), 'amount': 0.000329718, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'FEP'), 'amount': 1.62e-05, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'MEP'), 'amount': 0.000191107, 'unit': 'kilogram',
'type': 'biosphere'},
{'input': ('biorefdb', 'TETP'), 'amount': 0.140524227, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'FETP'), 'amount': 0.001276356, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'METP'), 'amount': 0.002229499, 'unit': 'kilogram',
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'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',

'squaremeter year', 'type':

{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'}l},
# Maize grain, feed {GLO}|

('biorefdb', 'maize'): {'name':

'exchanges': [

{'input': ('biorefdb',
'production'},

{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',

'kilobecquerel', 'type':

{'"input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'kilogram', 'type':
{'"input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',

'"HCTP'), 'amount': 0.001193693, 'unit': 'kilogram',
'"HNCTP') , 'amount': 0.08034274, 'unit': 'kilogram',
'LU'), 'amount': 0.060244334000000004, 'unit':
'biosphere'},

'MRD'), 'amount': 0.000359877, 'unit': 'kilogram',
'"FFD'), 'amount': 0.007236376, 'unit': 'kilogram',
'H20'"), 'amount': 0.014981525, 'unit': 'cubic meter',

market for
'maize',

'unit': 'kilogram', 'type': 'process',
'maize'), 'amount': 1.0, 'unit': 'kilogram',6 'type':
'"GWP'), 'amount': 0.617663539, 'unit': 'kilogram',
'ODP'), 'amount': 5.56e-06, 'unit': 'kilogram',
'"IR"), 'amount': -0.011471893, 'unit':

'biosphere'},

'"POFPHH'), 'amount': 0.001687469, 'unit': 'kilogram',
'"PMF'"), 'amount': 0.002011463, 'unit': 'kilogram',
'"POFPEQ'), 'amount': 0.001719988, 'unit': 'kilogram',
'"TAP'), 'amount': 0.00490815, 'unit': 'kilogram',
'FEP'), 'amount': 0.000521102, 'unit': 'kilogram',

'MEP'), 'amount': 0.0008341830000000001, 'unit':

'biosphere'},

'"TETP'), 'amount': 1.554155846, 'unit': 'kilogram',
'"FETP'), 'amount': 0.023914166, 'unit': 'kilogram',

'METP'), 'amount': 0.029061747000000002, 'unit':

'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',

'"HCTP'), 'amount': 0.026263312, 'unit': 'kilogram',

"HNCTP'), 'amount': 0.46349127799999995, 'unit':

'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb',

'LU'), 'amount': 0.7695256570000001, 'unit':

'squaremeter year', 'type': 'biosphere'},

{'input': ('biorefdb',

'"MRD'), 'amount': 0.0030003609999999996, 'unit':

'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb',

'"FFD'), 'amount': 0.12420566400000001, 'unit':

'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb',

'H20'), 'amount': 0.17561734699999998, 'unit': 'cubic

meter', 'type': 'biosphere'}l},
# Palm oil, crude {GLO}| market for
('biorefdb', 'palm o0il'): {'name': 'palm oil', 'unit': 'kilogram', 'type':

'process', 'exchanges': [
{'"input': ('biorefdb',
'type': 'production'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',

'kilobecquerel', 'type':

{'input': ('biorefdb',
'type': 'biosphere'},
{'input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',
'type': 'biosphere'},
{'"input': ('biorefdb',

'palm o0il'), 'amount': 1.0, 'unit': 'kilogram',
'GWP'), 'amount': 2.514341035, 'unit': 'kilogram',
'ODP'), 'amount': 8.44e-06, 'unit': 'kilogram',
'IR'), 'amount': =0.010119998, 'unit':

'biosphere'},
'"POFPHH'), 'amount':

0.002319165, 'unit': 'kilogram',
'"PMF'), 'amount': 0.00273598, 'unit': 'kilogram',
'"POFPEQ'), 'amount': 0.002616215, 'unit': 'kilogram',

'"TAP'), 'amount': 0.006006049, 'unit': 'kilogram',

198



Appendix B

5202
5203
5204
5205
5206
5207
5208
5209
5210
5211
5212

5213
5214

5215
5216
5217
5218
5219
5220
5221
5222
5223
5224
5225
5226
5227
5228
5229
5230
5231
5232
5233
5234
5235
5236

5237

199

'type': 'biosphere'},
{'input': ('biorefdb', 'FEP'), 'amount': 0.00018320900000000001, 'unit':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'MEP'), 'amount': 0.004010782, 'unit': 'kilogram',
'type': 'biosphere'},
{'"input': ('biorefdb', 'TETP'), 'amount': 1.84727535, 'unit': 'kilogram',

'type': 'biosphere'},

{'input': ('biorefdb', 'FETP'), 'amount': 0.013794791, 'unit': 'kilogram',
'type': 'biosphere'},

{"input': ('biorefdb', 'METP'), 'amount': 0.014353221000000001, 'unit':
'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'HCTP'), 'amount': 0.011144452, 'unit': 'kilogram',
'type': 'biosphere'},

{'input': ('biorefdb', 'HNCTP'), 'amount': -0.066786611, 'unit': 'kilogram',
'type': 'biosphere'},

{'"input': ('biorefdb', 'LU'), 'amount': 1.526610386, 'unit': 'squaremeter
year', 'type': 'biosphere'},

{"input': ('biorefdb', 'MRD'), 'amount': 0.0018974270000000001, 'unit':
'kilogram', 'type': 'biosphere'},

{'"input': ('biorefdb', 'FFD'), 'amount': =0.10790066699999999, 'unit':
'kilogram', 'type': 'biosphere'},

{'input': ('biorefdb', 'H20'), 'amount': 0.021032526, 'unit': 'cubic meter',
'type': 'biosphere'}l},

# Reference systems
('biorefdb', 'refAl'): {'name': 'refAl', 'unit': 'piece', 'type': 'process',
'exchanges': [

{'input': ('biorefdb', 'refAl'), 'amount': 1.0, 'unit': 'piece', 'type':
'production'},

{'input': ('biorefdb', 'surfactant'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},
{'input': ('biorefdb', 'protein feed'), 'amount': 0.15, 'unit': 'kilogram',

'type': 'technosphere'},
{'input': ('biorefdb', 'maize'), 'amount': 0.25, 'unit': 'kilogram',6 'type':
'technosphere'},

{'input': ('biorefdb', 'palm oil'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},
{'input': ('biorefdb', 'energy feed'), 'amount': 0.1, 'unit': 'kilogram',
'type': 'technosphere'}l},
('biorefdb', 'refA2'): {'name': 'refA2', 'unit': 'piece', 'type': 'process',
'exchanges': [

{'"input': ('biorefdb', 'refA2'), 'amount': 1.0, 'unit': 'piece', 'type':
'production'},

{'"input': ('biorefdb', 'surfactant'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},
{'input': ('biorefdb', 'protein feed'), 'amount': 0.15, 'unit': 'kilogram',
'type': 'technosphere'},
{'input': ('biorefdb', 'maize'), 'amount': 0.25, 'unit': 'kilogram',6 'type':
'technosphere'},
{'input': ('biorefdb', 'palm oil'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},
{'input': ('biorefdb', 'energy feed'), 'amount': 0.1, 'unit': 'kilogram',
'type': 'technosphere'}l},
('biorefdb', 'refBl'): {'name': 'refBl', 'unit': 'piece', 'type': 'process',
'exchanges': [

{'input': ('biorefdb', 'refBl'), 'amount': 1.0, 'unit': 'piece', 'type':
'production'},

{'input': ('biorefdb', 'surfactant'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},

{'input': ('biorefdb', 'protein feed'), 'amount': 0.15, 'unit': 'kilogram',
'type': 'technosphere'},

{'input': ('biorefdb', 'maize'), 'amount': 0.25, 'unit': 'kilogram',6 'type':
'technosphere'},

{'input': ('biorefdb', 'palm oil'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},

{'input': ('biorefdb', 'energy feed'), 'amount': 0.1, 'unit': 'kilogram',

'type': 'technosphere'}l},

('biorefdb', 'refB2'): {'name': 'refB2', 'unit': 'piece', 'type': 'process',
'exchanges': [

input': iore , 're , 'amount': 1.0, 'unit': 'piece', ype':
{l' tl (lb' fdbl ' fB2Y) ] tY l 0 ] 'tV ] 1 ] lt A}
'production'},

{'input': ('biorefdb', 'surfactant'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},
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{'input': ('biorefdb', 'protein feed'), 'amount': 0.15, 'unit': 'kilogram',
'type': 'technosphere'},

{'input': ('biorefdb', 'maize'), 'amount': 0.25, 'unit': 'kilogram',6 'type':
'technosphere'},

{'input': ('biorefdb', 'palm oil'), 'amount': 0.25, 'unit': 'kilogram',
'type': 'technosphere'},

{'input': ('biorefdb', 'energy feed'), 'amount': 0.1, 'unit': 'kilogram',
'type': 'technosphere'}l},

}

db.write(bioref data scen8)

#Adding parameters to exchanges of activity "commonpath"
p_cp = Database('biorefdb').get ('commonpath')

WCult = list(p cp.exchanges()) [1]; WCult['formula']l = 'mWCult'; WCult.save()

CO2= list(p_cp.exchanges()) [2]; CO2['formula']l = 'CO2in'; CO2.save()

Urea = list(p_cp.exchanges()) [3]; Ureal'formula'] = 'Nin'; Urea.save()

Phosphorus = list(p cp.exchanges()) [4]; Phosphorus['formula'] = 'Pin';
Phosphorus.save ()

ElecCult = list(p_cp.exchanges()) [5]; ElecCult['formula'] = 'Ecult'; ElecCult.save()
HeatCult = list(p_cp.exchanges()) [6]; HeatCult['formula'] = 'QOcult'; HeatCult.save()
ElecHar = list(p_cp.exchanges())[7]; ElecHar['formula'] = 'Ehar'; ElecHar.save()
WDil = list(p_cp.exchanges())[8]; WDil['formula'] = 'mWDil'; WDil.save()

ElecDis = list(p_cp.exchanges())[9]; ElecDis['formula'] = 'Edis'; ElecDis.save()
ElecSep = list(p cp.exchanges())[10]; ElecSep['formula'] = 'Esep'; ElecSep.save()
WasteW = list(p_cp.exchanges()) [11]; WasteW['formula'] = 'mWWW'; WasteW.save()

CO2em = list(p_cp.exchanges())[12]; CO2em['formula'] = 'COZout'; CO2em.save ()

parameters.add exchanges to group("actparbioref bl 8", p cp)

#Adding parameters to exchanges of activity "B1"
p_bl = Database('biorefdb').get('pathBl")

EtOHSCE Bl = list(p bl.exchanges())[2]; EtOHSCE Bl['formula']l = 'mSCELl';
EtOHSCE_Bl.save()

ElecSCE Bl = list(p bl.exchanges())[3]; ElecSCE Bl['formula'] = 'ESCE';

ElecSCE _Bl.save()

ElecEvaSCE Bl = list(p_bl.exchanges())[4]; ElecEvaSCE Bl['formula'] = 'EevaSCE';
ElecEvaSCE Bl.save()

HeatEvaSCE Bl = list(p bl.exchanges()) [5]; HeatEvaSCE Bl['formula'] = 'QevasCE';
HeatEvaSCE _Bl.save()

ElecConSCE Bl = list(p bl.exchanges())[6]; ElecConSCE Bl['formula'] = 'EconSCE';
ElecConSCE _Bl.save()

CoolConSCE Bl = list(p bl.exchanges())[7]; CoolConSCE Bl['formula'] = 'OconSCE';
CoolConSCE Bl.save()

Lip Bl = list(p_bl.exchanges())[8]; Lip Bl['formula']l = '"LiB'; Lip Bl.save()
Prot Bl 1 = list(p _bl.exchanges())[9]; Prot Bl 1['formula']l = 'MB'; Prot Bl 1l.save()
ElecUF Bl = list(p bl.exchanges())[10]; ElecUF Bl['formula'] = 'EUF'; ElecUF Bl.save()
WDF Bl = list(p bl.exchanges())[11]; WDF Bl['formula']l = 'mWDF'; WDF Bl.save()
ElecDF Bl = list(p_bl.exchanges())[12]; ElecDF Bl['formula'] = 'EDF'; ElecDF Bl.save()
Polysac Bl = list(p_bl.exchanges())[13]; Polysac Bl['formula']l = 'M1 1";

Polysac Bl.save()

Prot Bl 2 = list(p_bl.exchanges())[14]; Prot Bl 2['formula'] = "Ml 2';
Prot Bl 2.save()

Infra Bl = list(p_bl.exchanges())[15]; Infra Bl['formula'] = 'FacBl'; Infra Bl.save()
Occ_ Bl = list(p_bl.exchanges())[16]; Occ Bl['formula']l = 'LOB1l'; Occ_Bl.save()
Trans Bl = list(p_bl.exchanges())[17]; Trans Bl['formula']l = 'LTB1l'; Trans Bl.save()
ElecDry Bl = list(p bl.exchanges())[18]; ElecDry Bl['formula'] = 'Edryl';

ElecDry Bl.save()

HeatDry Bl = list(p bl.exchanges())[19]; HeatDry Bl['formula'] = 'Odryl';

HeatDry Bl.save()
parameters.add exchanges to group("actparbioref bl 8", p bl)

#Adding parameters to exchanges of reference activity for system Bl

p_refbl = Database('biorefdb').get('refBl")

surfactant refbl = list(p_refbl.exchanges())[1]; surfactant refbl['formula'] =
'surfactant bl'; surfactant refbl.save()

prot feed refbl = list(p refbl.exchanges())[2]; prot feed refbl['formula'] =
'prot feed bl'; prot feed refbl.save()

maize refbl = list(p refbl.exchanges())[3]; maize refbl['formula'] = 'maize bl';
maize refbl.save()

palm oil refbl = list(p_refbl.exchanges())[4]; palm oil refbl['formula'] =
'palm oil bl'; palm oil refbl.save()

energy feed refbl = list(p_refbl.exchanges())[5]; energy feed refbl['formula']l =
'energy feed bl'; energy feed refbl.save()
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parameters.add exchanges_to group("actparbioref refbl 8", p refbl)

#Defining project parameters for Bl 8

def project param bl 8(param names, param values, inval, it):

project data

=1

{'name': 'cO0', 'amount': inval[it,0]1},
{'name': 'cl', '"amount': invall[it,11},
{'name': 'cLi', 'amount': invall[it,21},
{'name': 'co2cons', 'amount': 2},

{'name': 'co2in', 'amount': 4},

{'name': 'cPr', 'amount': invall[it,31},
{'name': 'cPs', 'amount': inval[it,41},
{'name': 'cx', 'amount': inval[it,5]1},
{'name': 'DV1', 'amount': invall[it,6l},
{'name': 'ecen', 'amount': invall[it,71},
{'name': 'econSCE', 'amount': 0.027},
{'name': 'ecult', 'amount': inval[it,8]1},
{'name': 'edis', 'amount': invall[it,9]1},
{'name': 'edry', 'amount': invall[it,10]1},
{'name': 'eevaSCE', 'amount': 0.027},
{'name': 'efill', 'amount': invall[it,11]},
{'name': 'eSCE', 'amount': inval[it,12]1},
{'name': 'mDW', 'amount': 1},

{'name': 'nin', 'amount': invall[it,131},
{'name': 'pin', 'amount': invall[it,141},
{'name': 'gconSCE', 'amount': 0.96},
{'name': 'gcult', 'amount': invall[it,15]},
{'name': 'gdry', 'amount': invallit,16]},
{'name': 'gevaSCE', 'amount': 0.96},
{'name': 'recW', 'amount': 0.9},

{'name': 'recLiB', 'amount': invall[it,171},
{'name': 'recPrl', 'amount': inval[it,18]1},
{'name': 'recPsl', 'amount': invall[it,19]1},
{'name': '"rSCrE', 'amount': invall[it,20]1},
{'name': 'sPr', 'amount': invall[it,211},
{'name': 'sPs', 'amount': invall[it,22]1},
{'name': 'w', 'amount': invall[it,231},
{'name': 'fac', 'amount': inval[it,241},
{'name': '"locc', '"amount': inval[it,25]1},
{'name': '"ltrans', 'amount': invall[it,26]}
1

parameters.new project parameters(project data)

for param in ProjectParameter.select():
param names.append(param.name)
param values.append(param.amount)

#Defining database parameters for Bl 8
def database param bl 8(param names, param values):

database data

{'name': 'mw0', 'formula': ' (mDW/cO)-mDW'},
{'name': 'mwWwl', 'formula': ' (mDW/cl)-mDW'},
{'name': 'deltamW',6 'formula': 'mWO-mwl'},

{'name': 'mWR', 'formula': 'recW*deltamw'},
{'name': 'mSDW', 'formula': ' (sPr*cPr+sPs*cPs)*mDW'},
{'name': 'mSW', 'formula': 'mSDW+w*mDW* (1-cx)/cx'},
{'name': 'cS0', 'formula': 'mSDW/mSW'},

{'name': 'impPsl', 'formula': 'l-recPrl'},

{'name': 'impPrl', 'formula': 'l-recPsl'},

{'name': 'Psl 1', 'formula': 'recPsl*sPs*cPs*mDW'},
{'name': 'Prl 1', 'formula': 'impPsl*sPr*cPr*mDW'},
{'name': 'Psl 2', 'formula': 'impPrl*sPs*cPs*mDW'},
{'name': 'Prl 2', 'formula': 'recPrl*sPr*cPr*mDW'},
{'name': 'mPDW', 'formula': 'mDW-mSDW'},

{'name': 'mPW', 'formula': 'mPDW+ (l-w)*mDW/cx"'},
{'name': 'mSCE', 'formula': 'rSCE*mPDW'},

{'name': 'PrB1', 'formula': ' (l-sPr)*cPr*mDW'},

]

parameters.new database parameters(database data, "biorefdb")

for param in

=1

DatabaseParameter.select () :

param names.append (param.name)
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param values.append(param.amount)

#Defining activity parameters for Bl 8
def activity param bl 8(param names, param values):
activity data = [

{'name': 'mWWW', 'formula': '0.001* (deltamW-mWR)', 'database': 'biorefdb',
'code': 'actparl'},
{'name': 'mWCult', 'formula': 'mWO-mWR', 'database': 'biorefdb', 'code':
'actpar2'},
{'name': 'mwWwDil', 'formula': ' (mDW/cx)-(mDW/cl)', 'database': 'biorefdb',
'code': 'actpar3'},
{'name': 'Nin', 'formula': 'nin*mDW', 'database': 'biorefdb', 'code':
'actpar4d'},
{'name': 'Pin', 'formula': 'pin*mDW', 'database': 'biorefdb', 'code':
'actparb'},
{'name': 'C0O2in', 'formula': 'co2in*mDW', 'database': 'biorefdb', 'code':
'actpar6'},
{'name': 'CO20ut', 'formula': 'mDW* (co2in-co2cons)', 'database': 'biorefdb',
'code': 'actpar7'},
{'name': 'Ecult', 'formula': 'ecult*mDW', 'database': 'biorefdb', 'code':
'actpar8'},
{'name': 'Qcult', 'formula': 'gcult*mDW', 'database': 'biorefdb', 'code':
'actpar9'},
{'name': 'Ehar', 'formula': 'ecen*0.001* (mDW/c0)"', 'database': 'biorefdb',
'code': 'actparlO'},
{'name': 'Edis', 'formula': 'edis*mDW', 'database': 'biorefdb', 'code':
'actparll'},
{'name': 'Esep', 'formula': 'ecen*0.001* (mDW/cx)', 'database': 'biorefdb',
'code': 'actparl2'},
{'name': 'mWDF', 'formula': 'DV1*(2/3)*mSW', 'database': 'biorefdb', 'code':
'actparl3'},
{'name': 'Edryl', 'formula': 'edry*mDW* (l1-cx)/cx+edry*mWDF', 'database':
'biorefdb', 'code': 'actparld'},
{'name': 'Qdryl', 'formula': 'gdry*mDW* (1-cx)/cx+qdry*mWDF', 'database':
'biorefdb', 'code': 'actparl5'},
{'name': 'EUF', 'formula': 'efill*0.001*mSW', 'database': 'biorefdb',
'code': 'actparlé'},
{'name': 'EDF', 'formula': '(2/3)*efill*0.001*mSW', 'database': 'biorefdb',
'code': 'actpar27'},
{'name': 'M1 1', 'formula': 'Psl 1+Prl 1', 'database': 'biorefdb', 'code':
'actparlg8'},
{'name': 'M1 2', 'formula': 'Psl 2+Prl 2', 'database': 'biorefdb', 'code':
'actparl9'},
{'name': 'mSCEl', 'formula': '0.01*mSCE', 'database': 'biorefdb', 'code':
'actpar20'},
{'name': 'ESCE', 'formula': 'eSCE*mPDW', 'database': 'biorefdb', 'code':
'actpar2l'},
{'name': 'EevaSCE', 'formula': 'eevaSCE*mSCE', 'database': 'biorefdb',
'code': 'actpar22'},
{'name': 'QevaSCE', 'formula': 'gevaSCE*mSCE', 'database': 'biorefdb',
'code': 'actpar23'},
{'name': 'EconSCE', 'formula': 'econSCE*mSCE', 'database': 'biorefdb',
'code': 'actpar24'},
{'name': 'QconSCE', 'formula': 'gqconSCE*mSCE', 'database': 'biorefdb',
'code': 'actpar25'},
{'name': 'LiB', 'formula': 'recLiB*cLi*mDW', 'database': 'biorefdb', 'code':
'actpar26'},
{'name': 'MB', 'formula': 'mPDW-LiB', 'database': 'biorefdb', 'code':
'actpar27'},
{'name': 'FacBl', 'formula': 'fac', 'database': 'biorefdb', 'code':
'actpar28'},
{'name': 'LOBl', 'formula': 'locc', 'database': 'biorefdb', 'code':
'actpar29'},
{'name': 'LTB1l', 'formula': 'ltrans', 'database': 'biorefdb', 'code':
'actpar30'},
1

parameters.new _activity parameters(activity data, "actparbioref bl 8")

activity data ref = [
{'name': 'surfactant bl', 'formula': 'Psl 2+Prl 2', 'database': 'biorefdb',
'code': 'actpar3l'},

{'name': 'prot feed bl', 'formula': 'cPr*(l-sPr)', 'database': 'biorefdb',
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'code': 'actpar32'},

{'name': 'maize bl', 'formula': 'Psl 1*0.9*0.67*1.63', 'database':
'biorefdb', 'code': 'actpar33'},

{'name': 'palm oil bl', 'formula': 'recLiB*cLi*mDW', 'database': 'biorefdb',
'code': 'actpar34'},

{'name': 'energy feed bl', 'formula':

'cPr* (1-sPr)*10.2+cPs* (1-sPs)*14.9+cLi* (1-recLiB) *35"', 'database':
'biorefdb', 'code': 'actpar35'},

1

parameters.new_activity parameters(activity data ref, "actparbioref refbl 8")

for param in ActivityParameter.select():
param names.append(param.name)
param values.append(param.amount)

#0rder results according to the sobol indice of first order
def order bl 8(si, problem, i, s, datestr):
ic = i[2]
GSA df = pd.DataFrame ()
GSA df['Parameter'] = problem['names']
GSA df['S1'] = si['S1']
GSA df['Sl conf'] = si['Sl conf']
GSA df sl = GSA df.iloc[(-np.abs(GSA df['S1'].values)).argsort()]
GSA df sl.to csv('{}\\{} scen8 dif sobol indice S1 {}.csv'.format (datestr,
ic))

#Calculating sobol indices for each impact category
sys = ['B1'"]

param names = []
param values = []
it=0

project param bl 8(param names, param values, input values, it)

for s in sys:
for i in 1m:
GSA results = []
print('System: ',s,' Impact Category: ', i[2])
for v in input values:

ProjectParameter.update (amount = v[0]) .where (ProjectParameter.name ==

'c0") .execute ()

ProjectParameter.update (amount = v[1]) .where(ProjectParameter.name ==

'cl') .execute()

ProjectParameter.update (amount = v[2]) .where(ProjectParameter.name ==

'cLi') .execute()

ProjectParameter.update (amount = v[3]) .where(ProjectParameter.name ==

'cPr') .execute()

ProjectParameter.update (amount = v[4]) .where(ProjectParameter.name ==

'cPs') .execute()

ProjectParameter.update (amount = v[5]) .where (ProjectParameter.name ==

'cx ') .execute ()

ProjectParameter.update (amount = v[6]) .where(ProjectParameter.name ==

'DV1'") .execute()

ProjectParameter.update (amount = v[7]) .where(ProjectParameter.name ==

'ecen') .execute ()

ProjectParameter.update (amount = v[8]) .where(ProjectParameter.name ==

'ecult') .execute()

ProjectParameter.update (amount = v[9]) .where (ProjectParameter.name ==

'edis') .execute()

ProjectParameter.update (amount = v[10]) .where(ProjectParameter.name
'edry') .execute ()
ProjectParameter.update (amount = v[11]) .where(ProjectParameter.name

'efill') .execute()

ProjectParameter.update (amount = v[12]) .where(ProjectParameter.name
'eSCE'") .execute ()

ProjectParameter.update (amount = v[13]) .where(ProjectParameter.name
'nin') .execute()

ProjectParameter.update (amount = v[14]) .where(ProjectParameter.name
'pin') .execute()

ProjectParameter.update (amount = v[15]) .where(ProjectParameter.name
"gcult') .execute()
ProjectParameter.update (amount = v[16]) .where(ProjectParameter.name

'gdry') .execute ()

Sy
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si

ProjectParameter.update (amount
'recLiB'") .execute ()
ProjectParameter.update (amount
'recPrl') .execute()
ProjectParameter.update (amount
'recPsl') .execute ()
ProjectParameter.update (amount
'rSCE'") .execute ()
ProjectParameter.update (amount
'sPr').execute()
ProjectParameter.update (amount
'sPs') .execute()
ProjectParameter.update (amount
'w') .execute ()
ProjectParameter.update (amount
'fac') .execute()
ProjectParameter.update (amount
"locc') .execute()
ProjectParameter.update (amount
'"lTtrans') .execute ()

vi171).
v[18]).
v[19]).
v[201).
v[21]).
vi221).
v[23]).
v[24]).
v[251).

v[26]).

where (ProjectParameter.
where (ProjectParameter.
where (ProjectParameter.
where (ProjectParameter.
where (ProjectParameter.
where (ProjectParameter.
where (ProjectParameter.
where (ProjectParameter.
where (ProjectParameter.

where (ProjectParameter.

database param bl 8(param names, param values)
activity param bl 8(param names, param values)
functional unit = {Database('biorefdb').get("path"+s) : 1}

lca = LCA(functional unit, i)
lca.lci()
lca.lcia()

functional unit = {Database('biorefdb').get("ref"+s) : 1}

lca ref = LCA(functional unit, i)

lca ref.lci()

lca ref.lcia()

delta = lca.score-lca ref.score
GSA results.append(delta)

sobol.analyze (problem, np.array(GSA results), print to console

calc_second order = False)
order bl 8(si, problem, i, s, datestr)

name

name

name

name

name

name

name

name

name

name

= True,
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