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Abstract

Aquacultures are rapidly increasing worldwide to meet the rising protein demand caused by
population growth. However, commonly used fish feed products are known to harm the
environment while depleting natural species. Various microbial protein forms are thus being
investigated, such as those using hydrogen-oxidising bacteria, referred to as MP. This study
investigates MP’s environmental performance over conventional feed products as overall
advantages and disadvantages remained unclear based on previous publications.

A four-phase explorative scenario framework for assessing novel technologies was used, further
developed from recent studies. Based on a literature review of MP’s environmental performance,
the ammonia and heat source used needed further evaluation. At the same time, previous studies
displayed limitations related to CO2 allocation, continuous energy and nutrient supply, energy
grid stability, the readiness of the assessed technologies, the cost of production, and other
influencing socio-economic factors. An attributional cradle-to-gate life cycle assessment (LCA)
was conducted to determine an optimal system performance at a pilot-scale rooted in the
literature findings. Subsequently, technical and socio-economic parameters were evaluated to
influence MP’s progressive environmental performance.

Consequently, an ex-ante LCA compared MP production scenarios over time, differing in energy
sources and production scales, against soybean meal (SBM). Even at high technical
development, comparative results closely aligned, yet MP using geothermal energy showed a
slight overall advantage over SBM after normalisation, in contrast to hydro and bioenergy
displaying no real benefit. When oxygen (O2) was recycled, the former showed an overall
advantage over the incumbent at high production capacity. A total disadvantage would be
expected for the latter, considering continuous H2 and NH3 supply. Further research should
focus on integrating recycled phosphate, green H2 in the steel industry, differences in databases
regarding water use for hydropower plants, and scenario analysis of the incumbent system.
Besides these findings, the developed framework contributes toward the comparative assessment
of novel technologies against established ones.



Table of contents

I INEEOAUCHION ettt ettt sttt et be et st e nbe et e eaeenees 9
1.1  Knowledge gap, research aim, and research quUestions ...........cceevveeerveeerieeeniveeenneenns 10

B\ U115 o 1o (o) oY . VUSRI 12
2.1 Background of the methodology .........cceeviieriiiiiiiiieciieeeceeee e 12
2.1.1 The LCA mMethodOlOZY ...c..vvieeiieeiieeeeee ettt e e 12
2.1.2  The ex-ante MEthodOlOZY .....c..ccoiiieiiiieiieeeeeeeee e e e 14
2.1.3  Scenario development in LCA StUAICS......cccceecvieriieiiieriieeiieiieeieesire e 14
2.1.4  Limitations of scenario development using the ex-ante LCA methodology ........ 15

2.2 Research approach.........ccocciiiiiiiiiiiiicciee ettt e araeen 16
2.2.1  Phase one: lIeTature TEVIEW .........ccceeieruierierienieeieeitesieeieseee ettt seeseeenneas 16
2.2.2  Phase two: pilot-scale LCA ......ccoiiiiieeeeeeeeeeeeee et 17
2.2.3  Phase three: parameter evaluation ............cccccveeeiieeeiiieeeiie e e 18
2.2.4  Phase four: scenario development and ex-ante LCA ...........ccceeevvevieecienieeneenen. 18

3 Phase one: [HTETAtUIE TEVIEW .....ccccuiieiiieeiiieeiteeectieeeiteeeteeeesaeeesebeeessbeeesabeeesaseeessesesseesnseens 20
3.1 ContinUOUS ENEIZY SUPPLY «eveeuririiiiiiiieiieeieetert ettt ettt et nae e 20
3.2 Distinguishing between biogenic and fossil CO2 SOUICES ..........cccveevveerereriirereeareennnn. 21
3.3 HEAE SOUICE ...ttt ettt et st sbe e st et e e e e 22
34 NHB SOUICE....ceiuiiiieiiiteeite ettt et ettt e et e st e essabeesabeesnbeesneeeeas 22
3.5  Assessing the challenges of early-stage technologies for MP production ................... 23
3.6  Expanded assessment Of TCS .......ccciiiiiiiiiiiiiiiiecciieeee ettt 25
3.7 Summary of HEerature SaAP........coceeveiiiiriinieiiniereee ettt 25

4 Phase two: the pilot-scale LCA .....oooiiiiiieece et 26
4.1  Goal and scope definition of the pilot-scale LCA..........cccoovviviiiiniiiiieeee e 26
4.1.1 (€ L | BRSPS PR PSO 26
4.1.2  Scenario development for optimal system performance at pilot-scale.................. 26
4.1.3 N Tel0] oL SRR 28
4.1.4  Function, FU, and reference flow .............coooviiiiiiiiiiiiiiiee e 30

4.2  LCI of the pilot-scale LCA........oooiie ettt e e ens 30
4.2.1 Economic/environmental system boundary...........ccceeeveeriiieeniiieincie e, 30
4.2.2  FLIOW ChaTt c..eeiiiiiiiiicieee ettt st 31
N B O 1 T ) i OO RRSR SR 32
4.2.4  Multifunctionality and alloCation............cccueeevuiieriiiieriieecie e 33
4.2.5  Data SOUICINE ...eovieeiiieiieeiieeiie ettt et et e s te e bt eette e bt essteeabeessaeesseesssesnseesneeenseesnnas 33

4.3  LCIA of the pilot-scale LCA.......cooouiiiiiiieeeeee ettt en 34
43.1 CLASSTTICATION. ...ttt ettt st 34



432 Characterisation results and evaluation .............eeeeeeeeeeeeeeeeee e 34

4.4  Interpretation of the pilot-scale LCA .......ccoooiiiiiiiiiiiceceeeee e 36
4.4.1  Consistency and completeness check .........ccoooveveiieriiiiiiiniiiiicee e, 36
4.5  Evaluation of the SecoOnd Phase ..........cccuiieiiiieiiiieiieee e e 36
5 Phase three: analysis of varying technical & surrounding parameters...........c.ccecceveereeenene 37
5.1  Assessment of changing technical parameters ............ceeeveerieeciienieeiieenieeeeeie e 37
5.1.1 TS e S T 1S s Lo USRS 38
5.1.2  Nutrient utilisation [eVel ..........cocoiiiiiiiiiii e 39
5.1.3  Material and resource effiCiency........cccceevuierieeiierieeiieeeieeeeee e 39
5.1.4  Type of baseload ENeTZY ........ccccviieiiiieiiieeciee et e e 40
5.2 Assessment of morphological field..........ccooeevieiiiiiiieniiiiiiieceeeeee e 41
5.2.1  The strategic niche management and multilevel perspective ............ccoceveerveennnnne 41
5.2.2  The surrounding parameters of MP production............cceceevieriiniiieniiiiicenieeienne 42
5.2.3  PESTEL QIagram .........cccuieiiiiiiiiieeieesieeieeeiee et eseeeeteesieeenveesenesnseesneeesseessnesnsaens 44
5.3 Causal loop diagram and cross-consistency analysis.........cccceecverveerveereeeneerveenneennes 44
5.4  Evaluation of the third phase...........ccccuiieiiiieiiiiceee e 45
6  Phase four: scenario development and ex-ante LCA..........ccccceeviieiieniienieeieceee e, 47
6.1  Goal and scope definition of the ex-ante LCA..........cccoevviiiiiiiieniieeeie e, 47
6.1.1 GO et e e et e e e e e et raeenabeeenareeennraeens 47
6.1.2  Building Of SCENAIIOS ....cceevuiiriiiiiiiiiieiierteeeee et 47
6.1.3 N Tel0] o1 PP 49
6.1.4  Function, FU, and reference flow ..........cccoeiiiiiiiiiiiiiiii e 50
6.2  LCIofthe ex-ante LCA ......oooiiiiiiieieeeeee ettt 51
6.2.1 FIOW CRhaTt ..o e 51
0.2.2  DaAta SOUICING ....verutiiiiieeiientteie et ettt ettt ettt st sb et st sae e bt et e sbeesaeeatesaeenaeennens 52
6.3  LCIA of the ex-ante LCA......cc.ooiiiieeeeeee ettt 52
6.3.1 Characterisation results & evaluation ...........coceeveeeiieinieniienieeeeeeeeeee e 52
6.3.2  Normalisation results and evaluation...........c.ccoeeueeriiiiieniieiiereeee e 61
6.4  Interpretation of the ex-ante LCA .......cccooiiiiiiiniiiicece e 68
6.4.1 Consistency and completeness Check ..........oooivveiiiiriiiicciiiee e 68
6.4.2  Contribution ANALYSIS ....cc.eeriieiiieriiieiieiie ettt ettt e et et e b e siaeereens 68
0.4.3  SenSItiVILY ANAlYSIS...cc.eeeiuiiriieiiieriieeieerte ettt ettt ettt e seaeebaen 84

T DISCUSSION ...ttt ettt ettt et esae e et esa et et e e bt e eabeesbbe et e e naeeenbeenbees 87
7.1 Limitations of the StUAY........ccoiiiiiiiiiiiieieee e 87
7.2 Validity and aSSUMPLIONS ......cc.eeviieriieiiieiieeieeiie ettt et siee et e siteebeeseeesseesaeeenseenenas 88
7.3 LINKS 10 HEETALUIE ...couueiiiiiiiiiiiieie et ettt 89
7.4  Methodological refleCtions..........c.ceouiiiiieiiiiiiieie et 90



&  Conclusion and reCOMMENAALIONS ... ...ceeeeeueeeeee e et e e e e e et eeeeeeeeereeaaaaeeeeeeeeeenennns 92

8.1 COMCIUSION. ¢ttt ettt ettt et b et sat e st e bt et e s b eteeaee e 92
8.2 ReECOMMENAATIONS ....euviiieiieiiieiiettet ettt ettt sttt be e e 94

LN 5 01 11074 1) SRR 96
LO  APPENAIX Lttt et ettt et e b et e et e e e naeenbeeneaeenaens 112
101 CalCUIAtIONS ...ttt sttt ettt et ebt e b et 112
10.1.1  Nutrient utilisation and electrolysis efficiency level ..........ccccovviieiciiiiiieeiniens 112
10.1.2  Allocation factors of multifunctional process...........cceceerveeviienieerieenieerieeneenn 114

10.2 Sankey diagrams of CA for MP production in 2050..........ccceevveevieniienieenieeieeeieenn 116



Table of figures and tables

Table 1. Summary of research aim based on previous Studi€s ..........ccceeveveeercveeerieeeeiee e, 25
Table 2. Technological parameters that were tested in the analysis.......c..ccoceeverieneencnienennens 26
Table 3. Relative characterisation results of the pilot-scale MP product system in relation to the
DASCIINE-SCEMAIIO ...ttt ettt ettt et eb ettt sb e e bt e st e saeebeenbesbe e beenneeneenees 35
Table 4. Cross-consistency analysis of technological and surrounding parameters................... 46
Table 5. Scenarios based on surrounding Parameters............ceeeveerreerieereerieerieeneeerreeseeeveenenes 48
Table 6. Normalisation factors and recommendation levels (Sala et al., 2017) ........cccceeuvenneen. 67
Table 7. ConsiSteNCY ChECK.......oiiiiiiiiiiieiece ettt eenes 68
Table 8. Relative characterisation results of SA based on different CO2 prices, relative to Bio
ANA HYAT0 205000ttt ettt ettt e et e et e e bt e seaeeabeesabeesbeesabeensaeenseenseenneas 86
Table 9. Comparison of category indicators with previous MP LCA (Based on Jarvi6 et al., 2021)
..................................................................................................................................................... 89
Figure 1. LCA framework diagram (Guinée et al., 2002) .......ccccecuiriiiiriiniininienecicnecneenens 13
Figure 2. Methodological framework, based on (Delpierre et al., 2021)........cccceevvverireriennnnne. 17
Figure 3. Fossil vs biogenic CO2 emissions (Technology Collaboration Programme, 2022) ...22
Figure 4. Development stages of emerging technologies (Hulst et al., 2020) ...........cccccceenneene. 23
Figure 5. Biogenic carbon cycle from biomass plantation to MP consumption...........c..cc..c...... 28
Figure 6. Planetary boundaries (Steffen et al., 2015) ....ccoooiriiiiiiiiiiineccce 29
Figure 7.Flow chart of MP production system with varying technological parameters............. 31
Figure 8. Causal 100p dIa@ram .........cccuooiiiiiiiiniiiiiiciecetest ettt 45
Figure 9. CLD and flowchart showing the relationship between surrounding parameters and the
IMP PIOAUCE SYSTEIM ...eeniiiiiiieiiiieiie ettt ettt ettt ettt e st e st e e bt e bt eeabeesbeeenbeesseeenseesneeenne 52
Figure 10. Characterisation results of the ex-ante LCA ..........ccccoooiiiiiiniinieieececeeeee 60
Figure 11. Normalisation results for MP production in 2020 and current SBM production......65
Figure 12. Normalisation results for MP production in 2050 and current SBM production......66
Figure 13A. Water flow chart in kg to produce 160kg MP (Jérvio et al., 2021; SI 1) ............. 113
Figure 14A. CA Bio 2050, climate change............ccocueeiiiiiiiiiiniiiiciceeeeeeeete e 116
Figure 15A. CA Bio 2050, freshwater & terrestrial acidification..........ccccceceveevenicneencnnene. 117
Figure 16A. CA Bio 2050, freshwater €COtOXICILY ....evvvieriiiriiiniiiiieniieeieente et 118
Figure 17A. CA Bio 2050, freshwater eutrophication.............ccoceeveviinienenieneenicnicnecenne 119
Figure 18A. CA Bio 2050, marine eutrophiCation...........c.cueevueerieriieenieenieenienieesiie e 120
Figure 19A. CA Bio 2050, terrestrial eutrophication ...........c.ccceeevirieneenenieneeneeienceienn 121
Figure 20A. CA Bio 2050, carcinogenic effectsS.........cccvvriiieriiieiiiieieeeiieceeeeeee e 122
Figure 21A. CA Bio 2050, 10niSing radiation...........ccecueveeiieriineinienienieeeniesieeeeeeesieenee e 123
Figure 22A. CA Bio 2050, non-carcinogenic effects ..........coovvveriiierieeniieeniie e 124
Figure 23A. CA Bio 2050, 0zone layer depletion ............ccceecveveiiiiniineinenieneeiceieneeeenee 125
Figure 24A. CA Bio 2050, photochemical 0zone creation...........cocceeveeeieenieniieenieenieenienieens 126
Figure 25A. CA Bio 2050, respiratory effects, INOrganics ..........cccceevvereeverieneeneniieneenennenn 127
Figure 26A. CA Bi0 2050, disSIpated Water ..........coouiiiieiiiiiiienieeieesiie et 128
Figure 27A. CA Bio 2050, resources, fOSSIlS.......ccuerviieriiiriiiriieiiieiecie et 129
Figure 28A. CA Bi10 2050, 1and USE......ccuiiiiiiiiiiieiiiiiieeeeeeeee et 130
Figure 29A. CA Bio 2050, minerals and metals...........ccoceeveriiniiiiniinieieniececccseeee 131
Figure 30A. CA Hydro 2050, climate change ............coceeiiiiiiiniiiiienieceeeeeeete e 132
Figure 31A. CA Hydro 2050, freshwater & terrestrial acidification ..........c.ccceceevvevieneeniennene. 133
Figure 32A. CA Hydro 2050, freshwater €COtOXICIY .....eevuirruiiriiiiiiiniieeiienieeieesiie e 134
Figure 33A. CA Hydro 2050, freshwater eutrophication .........c..cccceeceeveevenieneencniieneenennnn 135
Figure 34A. CA Hydro 2050, marine eutrophication ...........cccceecueevienieeieenieniieenieeieesee e 136

6


file:///C:/Users/octav/Desktop/IE/2nd%20year/Thesis%20Final%20Hu%20hu%20hu/Thesis/Final%20thesis_Octavio%20Wurmböck_19_08-22.docm%23_Toc111809063
file:///C:/Users/octav/Desktop/IE/2nd%20year/Thesis%20Final%20Hu%20hu%20hu/Thesis/Final%20thesis_Octavio%20Wurmböck_19_08-22.docm%23_Toc111809080

Figure 35A.
Figure 36A.
Figure 37A.
Figure 38A.
Figure 39A.
Figure 40A.
Figure 41A.
Figure 42A.
Figure 43A.
Figure 44A.
Figure 45A.
Figure 46A.
Figure 47A.
Figure 48A.
Figure 49A.
Figure 50A.
Figure 51A.
Figure 52A.
Figure 53A.
Figure 54A.
Figure 55A.
Figure 56A.
Figure 57A.
Figure 58A.
Figure 59A.
Figure 60A.
Figure 61A.

CA Hydro 2050, terrestrial eutrophication............cceeeevveeecieeenieeeniee e evee e 137
CA Hydro 2050, carcinogenic effects .........ccervueeriierireriienieeiienie e 138
CA Hydro 2050, 10nising radiation ...........ccceeeeveeeiiieeeiiieeeieeesiee e eeveesevee e 139
CA Hydro 2050, non-carcinogenic effects .........ooovvviieviienieiiienieciienie e 140
CA Hydro 2050, ozone layer depletion...........cceeecueeerciieeeciieeeiee e 141
CA Hydro 2050, photochemical 0zone creation .............cecceeeeveerieerieenveenieeneennn 142
CA Hydro 2050, respiratory effects, INOrganicCs..........cceeeeveeerveeerreeerueeerveeennnens 143
CA Hydro 2050, disSipated Water..........ccueeruierieeriieniieeieenieeieeseeereeseneereesaee e 144
CA Hydro 2050, resources, fOSSIIS .....ccuiieiuiiieiiieeiieeeie et 145
CA Hydro 2050, 1and USE .......ceeveeiiieeiieiieeieeeie ettt e 146
CA Hydro 2050, minerals and metals ...........ccccveecieeeiieeeiieeeee e 147
CA Geo 2050, climate Change............ccveeieeiienieeiiieieeieeree et 148
CA Geo 2050, freshwater & terrestrial acidification...........cccevvvvvvvieiiiiiiinieeeennen. 149
CA Geo 2050, freshwater €COLOXICILY .vvvvvierrieriieiiieriieeieenieeieesieereeseeeereeseee e 150
CA Geo 2050, freshwater eutrophiCation ............ccceeveeeiienieriiienie e 151
CA Geo 2050, marine eutrophiCation..........c..ecveevveerieerieenieerieeneeereesneereeseee e 152
CA Geo 2050, terrestrial eutrophiCation...........c.eeeueereeeriierieniienie e 153
CA Geo 2050, carcinogenic effeCtS.......oouiiriierieiiiieieeieesee e 154
CA Geo 2050, 10n1SING 1adiation ......c.ceveeveriereeiienieneeeeieeeee et 155
CA Geo 2050, non-carcinogenic effects........oovvirviiriieriieniiiniiecie e 156
CA Geo 2050, ozone layer depletion...........coceeeevuerienieniiniieneenenieneeeeeeeieee 157
CA Geo 2050, photochemical 0zone Creation ...........c..ccveerveeeieereeenieenveerieeneeenns 158
CA Geo 2050, respiratory effects, INOTZANICS ........coceveevverieneeneriienieneeeeneenees 159
CA Ge0 2050, diSSIPated WaLET ........eeeveereieeiieriieeiieeiieeieesire e sere e seeeeseeseee e 160
CA Geo 2050, resources, fOSSIIS.......uuiiiiiiiiiiiieiiiie e 161
CA G0 2050, 1aNd USE....eeeeeieeeeeeeeeeeeeeeeeeee e et e e e e e eeaaarae e 162
CA Geo 2050, minerals and metalS...........oooeiiiviiiiiiiiieiiiiieiiiieeeeeee e 163



Table of abbreviations

AB: activity browser

AEL.: alkaline electrolyte

BbP: biobased product

BCHP: biomass combined heat and power
BECCS: bioenergy carbon capture and storage
BG: biomass gasification

BR: Brazil

CA: contribution analysis

CCA: cross-consistency analysis

CCS: carbon capture and storage

CCU: carbon capture and utilisation

CF: characterisation factor

CH4: methane

CO2: carbon dioxide

DAC: direct air capture

DM: dry mass

EF: environmental footprint

E-TAC: electrochemical thermally activated chemical
GHG: greenhouse gas

GMA: general morphological analysis
H2: hydrogen

HOB: hydrogen-oxidising bacteria

IC: impact category

ILCD: International Reference Life Cycle Data System
KOH: potassium hydroxide solution
LCA: life cycle assessment

LCOH: levelized cost of hydrogen

LP: low pressure

LU: land use

LUC: land use change

MP: microbial protein using hydrogen-oxidising bacteria
MPL: market penetration level

MRL: manufacturing readiness level

N2: nitrogen

NH3: ammonia

02: oxygen

PCC: post-combustion capture

PEF: product environmental footprint
PEM: polymer electrolyte membrane

PtF: power-to-food

PtX: power-to-X

RoW: rest of the world

SA: sensitivity analysis

SBM: soybean meal

SMR: steam methane reforming

TCH: total cost of hydrogen

TRL: technology readiness level



1 Introduction

Current food systems are a leading cause of environmental dilapidation, contributing to
biodiversity loss, water scarcity, climate change and land degradation (Campbell et al., 2017).
The current protein need for human consumption is unprecedented (Trostle, 2008). It is assumed
to increase further over the coming decades amid the rising standard of living and world
population, which is estimated to grow to 10 billion by 2050 (Ezeh et al., 2012). Ensuring food
security under current production methods often poses a challenge, especially for developing
countries, causing social and economic issues because of malnutrition (Gabriel et al., 2014).

Many countries have supported aquacultural practices to meet this growing demand for protein,
which has grown at an average of 7.5% every year since 1990, much quicker than any other life-
stock sector (Troell et al., 2014). Fish have a much low feed conversion ratio of about 1.1-1.6kg,
which is considerably less than other species, with that of ruminants being 3-6 times higher
(Jones et al., 2020). Yet, it requires almost 1.5 times the amount of sea fish to produce lkg of
farmed fish (Jones et al., 2020), which has contributed to overfishing of the oceans, reducing the
population of species, such as tuna and mackerel, to as little as 25% compared to their initial
existence (Cohen et al., 2018). Despite a constant annual amount of wild catch since the early
nineties of roughly 90 million tons (Jones et al., 2020), an estimated 60% of wild fishery stocks
are already fully depleted, 30% are overfished, and less than 10% still have lasting capacity
(Little et al., 2016).

Due to its high crude protein content of up to 60% and its provision of all essential amino acids,
fishmeal and fish oil have been the dominant ingredients in aquaculture feeds (Jones et al., 2020).
Although some animal by-products have similar nutritional levels as fishmeal, they can hardly
compete due to the demand for high-quality protein, omega-three fatty acids, and the lipid
requirements of carnivore fish species, such as salmon (Hasan, 2001). Even though plant-based
feeds can be compatible with some fish species like salmonids, this also increases the price (Jones
et al., 2020). Aquacultures can thus additionally deplete fishery stocks or have the opposite
effect, depending on the source of fish feed. In addition, using fishmeal as a feed source leads to
antibiotic resistance of bacteria in marine sediments (Han et al., 2017). Even with a drastic
reduction in the proportion of fishmeal in fish feed, a substantial shortage of fishmeal of over 1
million metric tons can arise by 2050 (Jones et al., 2020).

Aside from the depletion of the oceans, feed production on land has caused numerous
environmental problems (Bodirsky et al., 2015). Due to their outstanding share of protein and
production efficiency, soybeans are the most relevant contributor to animal-free protein for both
animals and humans (Sillman et al., 2019). Soybean meal (SBM) comprises two-thirds of all
protein-concentrated feed in the EU (Spiller et al., 2020). The crop is expected to have a yearly
growth of 1.6% until 2027, primarily due to China’s high need for animal feed (Spiller et al.,
2020). This increase in production causes land use change (LUC); (Spiller et al., 2020), severely
impacting climate change and damaging biodiversity (Castanheira & Freire, 2013; (Chaudhary
& Kastner, 2016).

Besides these impacts, nutrient runoff due to the low nutrient absorbability of plants grown in
open fields causes environmental pollution (Lassaletta et al., 2014). Therefore, low-priced
protein sources with high nutrient conversion efficiencies are needed (Crab et al., 2007), which
display lower environmental burdens than conventional protein crops (Spiller et al., 2020). As
the European Union is almost exclusively dependent on foreign supply for SBM, the urgent need
to replace imports with alternative protein sources has now been deemed a necessity by the
members (Spiller et al., 2020). Innovative food technologies show promising prospects to guide
this transition (Parodi et al., 2018), such as the upcoming field of cellular agriculture, which is
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generally perceived as a sustainable alternative to conventional protein sources (Tuomisto, 2019;
(Rischer et al., 2020).

Microbial protein, also named single-cell protein, a subset of cellular agriculture, has
increasingly been getting attention as a novel alternative to conventional protein sources (Pikaar
et al., 2018). The production process achieves much higher yields than those achieved through
traditional agricultural methods (Pikaar et al., 2018) due to the rapid growth of microbial protein
(Ritala et al., 2017). The protein content of the retrieved biomass is usually between 50-83%,
which generally is not entirely usable (Sillman et al., 2020). Since 1960, efforts to produce
microbial protein using methanol, methane (CH4) or waste hydrocarbon streams have been
pursued, aiming for more sustainable food production (Goldberg, 1985). However, because of
the low costs of fishmeal and the enormous production costs of microbial protein in the past, it
was only recently that developments in the field had gained momentum due to a five-fold
increase in fishmeal prices since 1990 (Kupferschmidt, 2015). Single-cell proteins can be
consumed by humans directly or produced for animal feed (Ritala et al., 2017).

1.1 Knowledge gap, research aim, and research questions

Because many single-cell protein production methods are still being developed, little is known
about their environmental impacts from a system’s perspective. Life cycle assessment (LCA) is
the most comprehensive tool to evaluate a product or service system’s environmental
performance (Wolf et al., 2012). Only a few studies have examined the ecological impacts of
single-cell proteins using the LCA methodology (Cumberlege et al., 2016); (Pikaar et al., 2018);
(Sillman et al., 2020); (Spiller et al., 2020); (Jarvio et al., 2021); these studies are based on
evaluating single-cell proteins derived from bacterial sources. As the energy and material use of
single-cell proteins differ substantially (Spiller et al., 2020), it is essential to assess the
environmental impacts of each production technique individually, including scenarios of various
system modifications, such as the use of different substrates or microorganisms (Sillman et al.,
2020).

Several microbial protein forms from various microbial sources, such as bacteria, yeast, fungi,
and microalgae, are being investigated for commercialisation, displaying different strengths and
weaknesses for multiple products (Jones et al., 2020). Microbial protein can rapidly grow inside
bioreactors through fermentation on organic substrates such as sugar from sugarcane (Pikaar et
al., 2018). Autotrophic microbes are single-cell organisms that use organic or inorganic carbon
sources as feedstocks utilising CH4 or carbon dioxide (CO2) streams, making organic substrates
redundant (Ritala et al., 2017). This process, thus, decouples protein production from LU (LU)
and agricultural pollution entirely (Pikaar et al., 2018). In addition to not being influenced by
changes in climate or soil conditions, the use of herbicides and pesticides becomes redundant,
which could otherwise impact biodiversity loss (Sillman et al., 2019).

Besides potentially providing an ecologically sound alternative to conventional feed for
numerous animals, some microbial proteins display additional benefits (Jones et al., 2020).
Microbial protein derived from yeast has been successfully proven to supplement 40% of
fishmeal in salmon feed without displaying adverse side effects for the fish or yield capacity
(Jones et al., 2020). C.utilis, a yeast-derived microbial protein, successfully supplemented 50%
of fishmeal in shrimp feed while increasing their growth rate (Jones et al., 2020). The authors
also note that several bacteria-derived microbial proteins have displayed even better results, with
the product KnipBio Meal replacing fishmeal in shrimp production and up to 55% in salmon
feed (Jones et al., 2020).

Microbial protein production through methanotrophic bacteria that utilise CH4 is already used
to produce feed commercially. Yet, as natural gas is currently used as a cheap CH4 source, this
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method’s long-term feasibility is questionable (Cumberlege et al., 2016); (Pikaar et al., 2018).
For an optimal scenario, the CO2 footprint, water consumption level, and LU indicators of
FeedKind, a methanotrophic bacteria, were 2.23kg CO2-eq, 10kg, and Om2, respectively, per kg
of protein produced (Cumberlege et al., 2016). These values are based on a scenario analysis
assuming that the product was left in its powdered form, biogas was used instead of natural gas
as a substrate, and fossil fuels were replaced with renewable energy sources throughout the
supply chain (Cumberlege et al., 2016).

Due to the limited availability of biogas, it is debatable if it should be used to produce food
instead of as an energy source. Even if all resources from available feedstocks, either sustainably-
grown crops or recovered wastes, were utilised for biogas production, this would only cover 6-
9% of global primary energy demand or 26-37% of natural gas demand (World Biogas
Association, 2019). Furthermore, pelletising is a very energy-intensive process necessary for fish
feed. Accounting for it is, therefore, essential for a comprehensive analysis. The default scenario
of FeedKind used natural gas instead of biogas and electricity from the US grid instead of
renewable sources while including pelletising in the production. The default scenario results
were thus much worse than the optimal scenario with a footprint of 5.82kg CO2-eq, 18.98kg
water use, and 0.034m2 LU per kg produced (Cumberlege et al., 2016). The impacts of 1kg of
soybean produced, in comparison, are 0.53-3.74kg CO2-eq for climate change (Sillman et al.

2019); (Smetana et al., 2019), 5.24-6.04m?2 for LU (Sillman et al., 2019), and 92-466kg for water
use (Cumberlege et al., 2016). Thus, the water and land requirements are much less for FeedKind,
yet the CO2 footprint is not competitive with SBM.

KnipBio Meal, another methanotroph, is a non-pathogenic plant epiphyte called
Methylobacterium extorquens (Ochsner et al., 2015). It is known for utilising methanol, yet, it
can also feed off other substances such as ethanol (Ochsner et al., 2015). There are two types of
ethanol: petroleum-derived ethanol and bioethanol made from biomass fermentation (Tamers

2006). KnipBio Meal uses condensed distillers soluble, a by-product of bioethanol production
(SalmonBusiness, 2019).

Despite efforts to increase bioethanol production, the global share of ethanol is still dominated
by fossil-based products (Rass-Hansen et al., 2007). The latter is a biofuel, mainly of first-
generation origin, thus directly competing with arable land for food production (Phillips, 2022).
Second- and third-generation biofuels were introduced to mitigate such competition (Phillips,
2022). Still, the OECD-FAO have projected that the input for bioethanol will remain in food
crops (Hammond & Seth, 2013). In contrast, second-generation bioethanol is only expected to
represent 7% of overall manufacturing, mainly produced in developing countries (Hammond &
Seth, 2013).

Alternatives to methanotrophs are microbial proteins produced through hydrogen-oxidising
bacteria (HOB). Suppose hydrogen (H2) is made from renewable energy sources through water
electrolysis; this could decouple microbial protein production from arable land and fossil fuel
inputs (Pikaar et al., 2018). The required CO2 is abundant, making it a cheap resource (Silmann
et al., 2019). Microbial/single-cell protein using HOB will now be referred to as MP. The case
of Cupriavidus necator (formerly Ralstonia eutropha) (Yu, 2014); (Liu et al., 2016), an example
of a MP, can substitute conventional high protein feed products such as fishmeal and SBM, as
well as animal-based proteins for human consumption. Compared to such feed and food
products, C. necator matches the protein level, essential amino acids and nutritional value
(Volova & Barashkov, 2010) that animals cannot create themselves (Sillman et al., 2020).
Furthermore, MP has a high theoretical solar-to-biomass conversion rate of around 10% (Liu et
al., 2016). Comparing this to a conversion efficiency of 0.55% for soybean seeds (Hu et al.
2020), MP shows a drastic productivity increase. In certain parts of the planet where food supply
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is insecure due to weather conditions, such production methods can play a crucial role in
stabilising food security while utilising non-arable land (Sillman et al., 2019). However, the ways
to produce MP for feed and food are still under development (Jarvid et al., 2021).

There are only two LCA studies on single-cell proteins using HOB; (Sillman et al., 2020); (Jarvio
et al., 2021), of which only the latter is based on empirical data. The environmental benefits of
MP using renewable energy sources over other animal-based proteins have been well
documented (Jarvio et al., 2021). Regardless, in the case of plant-based feed alternatives, the
potential advantages and disadvantages over MP were less evident in the study (Jarvio et al.
2021) and depended on various parameters. Additionally, the statements made in the publication
(Jarvio et al., 2021) regarding the comparison between feed alternatives and MP did not always
match the information found in the supplementary information. More research was therefore
required to gain tangible results for such a comparison. In addition, both studies (Sillman et al.
2020); (Jarvio et al., 2021) displayed limitations and recommendations for further research.
Based on these limitations and recommendations which are further discussed in chapter 3, the
following research questions were defined:

What are the environmental impacts of producing 1kg of MP, progressing from
pilot-scale to high commercial-scale while considering a combination of
intermittent and baseload energy sources, and how do these results compare to

SBM production?

To comprehensively answer the main research question, several sub-research questions were
formulated:

e How to best allocate biogenic carbon from point sources for MP production?

e From an economic and environmental perspective, what is MP production’s
most efficient technological setup?

o What are not previously identified hotspots for improving this technology?

o What are the current methods for assessing the ecological footprint of
emerging technologies, and how can they be improved?

These questions will be answered in this study’s conclusion. The target audience of this study is
technology developers, experts, and policymakers. The research will be reviewed by supervisors
from the University of Leiden and the TU Delft. In theory, the supervisors could be viewed as
having the role of a steering committee. There is no commissioner to this study. It was a topic
freely chosen as a master’s thesis as part of the course Industrial Ecology hosted by the two
Universities. The study is therefore free of diverging interests.

2 Methodology

2.1 Background of the methodology

2.1.1 The LCA methodology

Many research and policy institutions have progressively advocated avoiding accidental
environmental externalities (Cooper & Gutowski, 2020). As previously mentioned, LCA is the
most effective method to determine a product or service system’s environmental footprint (EF)
through physical measurements of material and energy flows (Wolf et al., 2012). A system
boundary includes all upstream and downstream activities related to the product, aiming to
include all environmental impacts associated with the system while preventing problem-shifting
from one impact category (IC) to another (Guinée et al., 2002). Inside the system boundary, there
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are foreground and background systems. These systems are comprised of unit processes that link
the so-called economic flows, namely material, waste, and energy flows, to all stages of the
product’s or service’s system, from mining, production, and transportation to use and disposal
(de Haes & Heijungs, 2009). The system boundary also defines the relationship between the

economic and ecological subsystems. For example, in the case of agriculture, the proceeds
belong to the economic system, whereas the soil belongs to the environmental system.

The LCA methodology is based on four steps: goal and scope definition, life cycle inventory
(LCI), life cycle impact assessment (LCIA), and interpretation (Guinée et al., 2002). This frame-
work to determine environmental impacts in an iterative progression between the four stages
(Guinée et al., 2002) is demonstrated in figure 1.
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Figure 1. LCA framework diagram (Guinée et al., 2002)

The ISO 14040 and14044 standards give guidance to the LCA framework and the four distinct
phases (Guinée et al., 2002):

Goal and scope: in this phase, the plan for the LCA is laid out. The system boundary,
function, functional unit (FU), and reference flow of the product system(s) under analysis
are defined.

LClI analysis: in this phase, the product system gets defined through the system boundary,
using a flow chart diagram including all upstream and downstream economic and
environmental flows. Data for the unit processes are gathered and quantified.
Multifunctional processes are allocated, and cut-offs to and from the system boundary
are defined. The primary outcome of this phase is an inventory table.

LCIA: the inventory table is further evaluated in this step, assigning each environmental
flow towards one or more ICs through CFs. These characterised results can be normalised
by comparing the characterisation results to a global or regional reference value. The
results can be additionally simplified by weighing, indicating a further preference for one
system over another.

Interpretation: in this phase, the robustness of the model is evaluated while conclusions
and recommendations are made.

The four guiding steps of the LCA framework have historically been used in an ex-post way to
assess the well-established, commercially available product and service systems with easy access
to factual data (van der Giesen et al., 2020). However, the conventional LCA framework falls
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short of giving guidance for evaluating emerging technologies related to data availability issues,
incorporation of technology development levels, and ways to assess the environmental perfor-
mance of new materials (Cucurachi et al., 2018).

2.1.2 The ex-ante methodology

Prospective LCA incorporates predictions of a technology’s environmental impacts at a particu-
lar time in the future, which can be applied to developing and fully developed technologies (van
der Giesen et al., 2020). Ex-ante refers to when products and technologies have not yet reached
manufacturing maturity (Tecchio et al., 2016). The ex-ante methodology is understood to evalu-
ate the environmental performance of an early-stage technology, scaled to industrial levels, ap-
plying probable scenarios and comparing these results to a conventional system or technology
(Cucurachi et al., 2018). Ex-ante LCA can therefore be seen as a sub-division of prospective
LCA; yet, some also see prospective LCA as modelling future scenarios of technologies at an
early stage of development (Arvidsson et al., 2018), making the boundary between the two meth-
ods somewhat blurry. The ISO 14040 and 14044 frameworks should equally be used for ex-ante
LCA studies. Nevertheless, as a lack of available data in ex-ante studies leads to uncertainties,
guidance beyond this framework is needed to ensure a comprehensive analysis (van der Giesen
et al., 2020).

2.1.3  Scenario development in LCA studies

There are numerous outcomes when evaluating a future technology. It is, therefore, essential to
think of changing parameters based on various assumptions that will likely influence the results.
These parameters can be quantitative (technical/operational) or qualitative, surrounding
parameters related to broader socio-economic aspects (Cucurachi & Steubing et al., 2021).
Examples of surrounding parameters are human consumption patterns or policy decisions.

Scenarios can predict future outcomes of emerging technologies based on these changing param-
eters, paving the way for implementing a comprehensive ex-ante LCA (Delpierre et al., 2021).
As emerging technologies are part of complex systems, scenarios are the only plausible way to
assess future developments (Cucurachi & Steubing et al., 2021). The inclusion of scenarios has
thus been used in environmental studies related to emerging technologies, e.g. (Ravikumar et al.,
2016); (Tsoy et al., 2019); (Delpierre et al., 2021).

Given the enormous ambiguity concerning the development of emerging technologies, two types
of scenarios are commonly used in ex-ante LCA: exploratory and normative (Delpierre et al.,
2021). The former represents possible outlooks, whereas the latter represents desirable ones
(Borjeson et al., 2006). Both are very effective in accounting for the ambiguous and complex
nature and data uncertainties surrounding the broad implementation of a novel technology
(Delpierre et al., 2021). Each scenario can deal with this ambiguity, yet their approach is differ-
ent. Depending on the aim and scope of the research, either one of these two will be better suited.
Normative scenarios are frequently related to backcasting, where a technology is modelled at a
specific time (Guinée et al., 2018). In this case, an approach is developed to reach a particular
goal in time (Quist, 2013). In the case of explorative scenarios, alternatives to the present are
investigated, which can be done by asking questions based on “what if”” (Cucurachi, Blanco, et
al., 2021).

When building scenarios based on particular values for the parameters, there can be large possi-
ble combinations on the one hand and a mismatch of possibilities, such as an ambitious environ-
mental policy leading to a minimal share of renewables, on the other hand (Cucurachi, Blanco,
et al., 2021). The general morphological analysis (GMA), a method for exploratory scenario
analysis, therefore, recommends a cross-consistency analysis (CCA) to evaluate if the identified
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parameters are aligned with each other (Ritchey, 2011). More precisely, the GMA “structures
and investigates the total set of relationships contained in multi-dimensional, non-quantifiable
problem complexes” (Ritchey, 2011; p 84).

Recently two frameworks were developed combining the ex-ante LCA methodology and sce-
nario development based on the GMA. As emerging technologies are embedded into complex
socio-technical systems, it is crucial to look beyond technical parameters to evaluate how these
are influenced by the “big picture” or, in other words, by the surrounding, non-quantifiable pa-
rameters (Cucurachi, Blanco, et al., 2021). Therefore, the GMA is also very useful in guiding the
approach to assessing emerging technologies.

The first of the two frameworks (Delpierre et al., 2021) combines technology and explorative
scenario analysis to evaluate the performance of alkaline electrolyte (AEL) electrolysis and the
proton exchange membrane or polymer electrolyte membrane (PEM) electrolysis at large-scale
production. Consequently, the authors (Delpierre et al., 2021) developed a framework rooted in
ex-ante LCA combined with the GMA. The second framework uses scenario development to
guide the ex-ante LCA approach for biobased products (BbPs). This framework (Cucurachi
Steubing, et al., 2021) was developed between the Joint Research Center (JRC) of the European
Commission and the Institute of Environmental Sciences at Leiden University.

2.1.4 Limitations of scenario development using the ex-ante LCA methodology

According to the authors (Cucurachi, Steubing, et al., 2021), scenario analysis could also be used
for the LCIA phase to test parameters relating to the effects of novel chemicals or the impact
assessment methods; yet their framework does not cover this. This lack of coverage could be due
to numerous challenges posed by the LCIA phase for ex-ante LCA, for which scenario analysis
might not be sufficient. LCIA, even for ex-post LCA studies, is very constricted by huge data
gaps related to missing characterisation factors (CFs) for substances (Fantke, Aurisano, et al.,
2018); (Fantke, Aylward, et al., 2018); (del Pilar Jiménez-Donaire et al., 2020). These data gaps
are due to the high costs and workload of assessing individual chemicals (Hou et al., 2020).
These limitations are further discussed under section 6.4.3.

In addition to current limitations for ex-post LCIA there are data gaps, and ignorance about future
impacts related to CFs and currently undiscovered ICs referred to as “unknown unknowns” (van
der Giesen et al., 2020). Some ICs might become redundant, while new impacts will arise based
on novel insights and research. These “unknown unknowns” can lead to unforeseeable environ-
mental impacts, disguising the actual environmental performance of an emerging product system
versus the incumbent product system. To measure uncertainties, it is common practice to deal
with “known unknowns” in ex-post LCA. Yet, the inherent ambiguity related to any future pre-
diction of emerging technologies adds a new layer of complexity and uncertainty to the LCIA
phase of ex-ante LCA (van der Giesen et al., 2020). Indeed, numerous researchers point toward
the drawbacks of deficiency of CFs at the LCIA phase of ex-ante LCA studies (McKone et al.
2011); (Tufvesson et al., 2013); (Deng et al., 2017). In addition, the product system may cause
unpredicted novel effects while CFs of the incumbent and emerging technology may transform
in the future (van der Giesen et al., 2020). It is therefore recommended to evaluate such possi-
bilities, while results of ex-ante LCA studies should inform discussion rather than be fixed state-
ments, given the high levels of uncertainty.

Besides dealing with “unknown unknowns”, it is crucial to account for future changes to the
background systems when future product systems are assessed (van der Giesen et al., 2020).
Furthermore, a mismatch between foreground and background data should be avoided when de-
termining the impacts of novel technologies (Arvidsson et al., 2017). It should therefore be in-
volved in the narrative to include future databases for the background processes for both the
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emerging technology and the incumbent (Tsoy et al., 2020); (Cucurachi, Steubing, et al., 2021).
This inclusion is essential as background data used to make future predictions is often outdated,
even for the current situation (van der Giesen et al., 2020). However, such databases only resem-
ble the future energy mix, neglecting other factors.

2.2 Research approach

In this study, an explorative scenario approach was taken. The study comprises four phases, as
depicted in figure 2, based on a recently developed framework for assessing novel technologies
(Delpierre et al., 2021), which was further developed. A thorough literature review was con-
ducted during the first phase, encompassing a critical evaluation of potential system improve-
ments for the pilot-scale MP system. Consequently, specific technical parameters were evalu-
ated, potentially improving the overall product system’s performance. Based on phase one, the
second phase evaluated an optimised technological setup at the pilot-scale through parameter
testing using an attributional LCA. In the third phase, changing technical and socio-economic
parameters were determined, influencing MP’s performance as it develops from pilot-scale to
large manufacturing scale. The third phase was based on the ex-ante LCA framework for BbPs
(Cucurachi, Steubing, et al., 2021). Based on phase three, scenarios were built in the fourth and
final phase. Subsequently, an ex-ante LCA compared MP production, progressing from pilot to
large manufacturing scale to SBM production.

The framework used in this study had to be adjusted from the original framework (Delpierre et
al., 2021) for several reasons: firstly, before performing a pilot-scale LCA, system improvements
for the pilot-scale had to be evaluated based on shortcomings and recommendations of previous
studies. As the original framework (Delpierre et al., 2021) assessed technologies whose technical
development was much further than MP’s, this additional step was necessary. Secondly, the orig-
inal framework was used to compare production at the pilot-scale against the large-scale, ne-
glecting progressive development (Delpierre, 2019). Thirdly, as no direct access to input from
technology developers and other experts was available for this study, influencing parameters
were determined based on a recommended alternative approach rooted in literature findings, a
critical assessment of the current state-of-art product system, and process calculations
(Cucurachi, Steubing, et al., 2021). Lastly, it seemed suitable to outline the scenarios during the
goal and scope definition in both the LCA and ex-ante LCA study, as this is the most appropriate
place (Pesonen et al., 2000). The scenario outline was thus placed between the goal definition
and the scope definition, as the former dictated it, while the scenario outline informed the latter.

2.2.1 Phase one: literature review

As the first step, a thorough literature review was conducted assessing recommendations and
limitations of previous MP studies, documented under section 3.0. Search engines such as the
digital libraries of the University of Leiden and the Technical University of Delft and Google
Scholar were used. Search words included: single-cell proteins, microbial proteins, and HOB, in
combination with search words related to life cycle assessment, environmental assessment, en-
vironmental impact, and techno-economic assessment. The literature review outcomes deter-
mined numerous technical parameters that needed a further review to establish if they could
increase the system’s performance. This determination set the groundwork for the attributional
LCA conducted in phase two.
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Figure 2. Methodological framework, based on (Delpierre et al., 2021)

2.2.2 Phase two: pilot-scale LCA

The second research phase aimed to determine the technological setup’s “optimal” environmen-
tal performance at the pilot-scale based on currently available technologies. This evaluation was
necessary before deciding on future scenarios, given the limitations and recommendations of
previous studies highlighted in section 3.0.

Subsequently, an attributional LCA, defined as assessing a current product system to evaluate
the associated fraction of the global burden (United Nations Environment Programme, 2011),
was performed, where specific technical parameters were tested. Secondary data was used to
assess the MP product system based on literature findings of previously published MP LCA
studies. The most recent MP LCA study (Jarvio et al., 2021) provided insight into an existing
pilot-scale MP product system and its data. It was used to quantify economic and environmental
inputs and outputs of unit processes, modelling the foreground system. Where data gaps were
identified, older MP studies (Sillman et al., 2019); (Sillman et al., 2020) often gave valuable
insight. Consequently, technical parameters were determined to test environmental improve-
ments centred around recommendations and hotspots identified by the authors (Sillman et al.,
2020); (Jarvio et al., 2021), as well as shortcomings of these two studies.

The assessment was performed with an appropriate FU and system boundary. The background
system, i.e., all upstream and downstream unit processes, were retrieved from the database
(ecoinvent version 3.7, 2020). The 3.7 database was used as a default version, as this was the
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most recent one available. Copper production could not be found in the 3.7 versions. Thus, the
3.6 database was used instead for this product. The software activity browser (AB), an open-
source LCA software based on the Brightway framework (Steubing et al., 2020), was used for
the modelling process.

ICs can vary in their analysis approach through different characterisation models or category
indicators. Therefore, the JRC (Joint Research Centre) has developed the International Reference
Life Cycle Data System (ILCD) to unify LCA results while creating more transparency
(Hauschild et al., 2011). This study used the ILCD 2.0 2018 midpoint ICs for both the LCA and
ex-ante LCA.

The second phase of this study mainly looked at quantitative, i.e. technical parameters, and not
at any surrounding qualitative ones, apart from the product price. Parameters were exchanged,
one at a time, integrating sensitivity analysis (SA) into the LCI phase. Further SA and contribu-
tion analysis (CA) was performed comprehensively in the ex-ante LCA in phase four of the study
and was therefore neglected at this stage. Grounded in the research of the first LCA, an optimal
MP system setup was defined for the pilot-scale.

2.2.3 Phase three: parameter evaluation

Qualitative and quantitative parameters were assessed during the third phase of the research. At
first, technical parameters were evaluated which would have the most influence on the system’s
performance as it matured over time. In the second part of this phase, the surrounding parameters
responsible for the technologies’ development were determined. Subsequently, the relationship
between the technical and morphological fields was put into context. Further guidance from the
ex-ante LCA framework for BbPs (Cucurachi, Steubing, et al., 2021) was used to integrate
technical parameters into the LCI and determine their dependency on the surrounding
parameters.

2.2.4 Phase four: scenario development and ex-ante LCA
Based on phase three, scenarios were developed incorporating both qualitative and quantitative
parameters. Consequently, the system was scaled up to more mature manufacturing stages, and
an ex-ante LCA was performed. Then, the results of the scaled-up MP product systems were
compared to SBM production in a comparative assessment.

For an explorative assessment, a few diverse, so-called cornerstone scenarios resembling
different ends of the spectrum should be used rather than many similar ones (Cucurachi, Blanco,
et al., 2021). Yet, the ex-ante LCA performed in phase four had to take a slightly different
approach as results were compared over time as the technology moved from a pilot plant
production level to one with a high MPL. This approach also aligned with recommendations to
evaluate the transitional development rather than just the outcome in 2050 (Delpierre, 2019).
Comparing the technology’s progression over time was somewhat different from having a good,
medium and worst-case scenario, as recommended in the BbP environmental assessment
framework (Cucurachi, Blanco, et al., 2021). However, if there are no considerable
improvements in the production efficiency over time, the pilot-scale performance could also
resemble the technical performance later. Therefore, the pilot-scale scenario could also be seen
as a worst-case scenario, while the future scenario could be seen as a best-case scenario.

A framework (Tsoy et al., 2020) was used to guide the upscaling process, although reasonably
detailed empirical data was available, potentially reducing uncertainty and increasing accuracy.
Therefore, performing process simulations and using molecular structure models was
unnecessary; instead, manual calculations, partly based on stoichiometry and proxies, were used,
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as recommended by the framework (Tsoy et al., 2020). Detailed information on these
calculations can be found in appendix 1 & 2. Consequently, 12 scenarios resembling a
progression over 30 years were determined. The development of the scenarios was not done
linearly but rather in an iterative way, as recommended by the BbP assessment framework
(Cucurachi, Blanco, et al., 2021).

The LCIA characterisation results were compared to the impacts of SBM production. Normali-
sation was performed using global normalisation factors (NFs) based on world reference data
from 2010, applying the EF method (Sala et al., 2017). More updated models were available for
ozone layer depletion and the three toxicity-related ICs. These toxicity-related ICs are carcino-
genic and non-carcinogenic effects and freshwater ecotoxicity. The former was based on the
WMO (WMO, 2014), and the USEtox model (Saouter et al., 2018) was applied for the latter
three. USEtox is a widespread LCIA model that provides CFs for human and ecotoxicology im-
pacts (Rosenbaum et al., 2008); (Frischknecht et al., 2016). However, the model has immense
data gaps due to the high costs and workload associated with assessing individual chemicals
(Hou et al., 2020). These data gaps lead to poor data quality regarding chemicals streams into
the environment and unknown CFs (Hou et al., 2020).

Given these limitations, using scenario analysis in the LCIA was outside this study’s scope. In-
stead, guidance in dealing with constraints related to the LCIA stage was based on recommen-
dations for improved practice for assessing the environmental performance of emerging technol-
ogies (van der Giesen et al., 2020). Besides “known unknowns” and “unknown unknowns”, the
shortcomings of a temporal mismatch between foreground and background data systems were
considered. Overcoming this challenge was especially relevant for the incumbent system, which
was modelled exclusively using background data. As mentioned in section 2.1.4, future databases
resemble the future energy mix, neglecting other influencing factors.

Nevertheless, such perspective databases were assumed irrelevant for MP production in the fu-
ture, as all energy was modelled to come from renewable sources. For the incumbent system,
energy demand is not the leading factor for agricultural production, as mentioned in section 3.6,
which is why it seemed acceptable to neglect the future energy mix. Instead, a slightly different
approach was taken, setting the groundwork for a new method to improve the uncertainty behind
data mismatches between foreground and background data in ex-ante LCA studies.

At the core of this new method, a CA of the incumbent system was performed per IC. Process
contributions were evaluated to determine to what degree changes towards those contributions
could be expected in future and if this would influence the results of the comparative analysis. A
CA was also performed for the emerging technology to identify hotspots and recommendations
for future studies. The CA was primarily based on the AB’s Sankey function. Contributions
below 5% were cut off given their limited impact, and the calculation depth was set to 250.
Sankey diagrams for each of the three reference flows are in appendix 1.

Through close contact with the supervisors of this study and experts at CML at Leiden University
and the Department of Technology, Policy, and Management at the Technical University of
Delft, further insights into the technological setup, modelling approaches, and scenario assess-
ment were gathered. Access to this broad knowledge was precious when scaling the new product
system and predicting future scenarios for the emerging technology. Reflections broadened the
research approaches through various meetings and conversations with these experts from diverse
industrial and academic backgrounds.
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3 Phase one: literature review

This phase evaluated literature recommendations and their shortcomings. The analysis was
focused on economic and environmental aspects related to the MP foreground system and its
influencing technical parameters.

3.1 Continuous energy supply

Power-to-X (PtX) describes the process of hydrocarbon production using various sources of
CO2, in addition to H2 generated through water electrolysis powered by renewable energy
technologies (Sillman et al., 2020). Because many renewables rely on wind and sun, the
electricity supply generated through these intermittent technologies has ebbs and overflows. As
manufacturing costs are now at par with conventional energy production, increasing the share of
renewables will inherently lead to increased supply instability (Sillman et al., 2019), which calls
for solutions to utilise the occasional oversupply of power (Park et al., 2016). PtX is a possible
solution to use excess energy (e.g. in the form of gas) when prices are low, making it a promising
large-scale storage medium (Sillman et al., 2020). Many PtX applications have lower
environmental impacts than their fossil counterparts. Extensive research is conducted on PtX
technologies because of the wide-scale application of renewable technologies to overcome
environmental pressures (Sillman et al., 2020). There is currently a lot of research on power-to-
food (PtF); (Sillman et al., 2019). Besides using H2 to produce MP through water-splitting
electrolysis, this concept also utilises Oxygen (O2) generated in the process (Sillman et al.,
2020).

Even though MP production requires more electricity than SBM generation, the production can
be aligned with the fluctuation in supply and demand, resulting in lower electricity prices
(Sillman et al., 2020). Indeed, some bacteria, such as Cupriavidus necator, have lasted through
the night despite H2 deprivation (Liu et al., 2016). Yet, relying on intermittent energy sources
and changes in electricity supply and demand would likely have adverse effects on the stability
of such a system. Additionally, due to the intensity of the capital costs for producing MP, a
continuous supply of electricity and H2 is essential for this protein alternative to becoming
economically competitive (Nappa et al., 2020). Therefore, the authors (Nappa et al., 2020) stress
the importance of including storage solutions as part of the production process when assessing
the viability of using MP as a protein feed and food alternative. Yet, both MP LCA reference
studies (Sillman et al., 2020) and (Jarvio et al., 2021) considered intermittent renewable energy
technologies without including H2 storage solutions, thus neglecting continuous energy and
nutrient supply.

Baseload energy supply was considered in the latest MP LCA study (Jarvid et al., 2021),
including Finish hydropower and nuclear power; both showed better results than those using
wind and solar power. However, it is unlikely that baseload technologies, also called grid
balancing technologies, will, or should, be readily available for any other function but to stabilise
an increasingly volatile energy system. Using baseload technologies sensibly is especially
important for biomass and hydropower plants affected by a supply shortage and water scarcity.
An exception could be geothermal energy, as it is less dependent on natural resources and readily
available in certain parts of the world.

Given these shortcomings, it was, therefore, essential to assess MP’s environmental performance
while considering a combination of intermittent and baseload energy sources for energy supply.

20



3.2 Distinguishing between biogenic and fossil CO2 sources

Carbon capture and storage (CCS) is an innovative technology that captures and permanently
stores CO2, which can come from point sources, such as biomass combustion to produce energy
(Kemper, 2015) or through direct air capture (DAC); (EASAC, 2018). Drax in the UK is one of
a few bioenergy plants demonstrating CCS and carbon capture and utilisation (CCU) projects
(Ricardo Energy & Environment, 2020). Globally, large sums of biomass are needed for bioen-
ergy with CCS to keep an increased temperature below two-degree Celsius (Turkenburg et al.,
2016). Nonetheless, biomass growth can affect eutrophication and cause LU-related issues, such
as water utilisation, soil erosion, and biodiversity loss, which all must be considered carefully
(Weiss et al., 2012).

CCU only temporarily stores CO2 in products. CCU applications are thus often falsely assumed
to reduce or even lead to negative greenhouse gas (GHG) emissions, as can be the case for CCS
(Von Der Assen et al., 2013). There is a lot of controversy about what negative emissions are,
which is why this study defined them based on a literature review:

“Upstream and downstream GHG emissions associated with the removal and
storage process [...]| are comprehensively estimated and included in the emis-
sion balance. [...] The total quantity of atmospheric GHG removed and perma-
nently stored is greater than the total quantity of greenhouse gases emitted to
the atmosphere” (Tanzer & Ramirez, 2019); (p.1216).

Based on this definition, it is crucial to further classify CCU into early and delayed GHG emis-
sions (Von Der Assen et al., 2013), of which only the latter can mitigate climate change by
reducing fossil resource depletion (Peters et al., 2011); (Quadrelli et al., 2011); (Romero &
Steinfeld, 2012). It is usual to negate carbon absorbed by the body in food consumption LCA
studies due to numerous necessary presumptions related to the absorption of carbon and the time
it will take until it is released (Jarvio et al., 2021). Therefore, in the case of MP, the authors
(Jarvio et al., 2021) presumed that the carbon assimilated by the microbes ends up in the atmos-
phere after consumption. This assumption thus classifies them as early GHG emissions. Yet, it
is imperative to distinguish between biogenic and non-biogenic CO2 sources to assess CCU
products.

In the case of biogenic carbon uptake by biomass, there are two ways of modelling these streams
in the LCI (Arehart et al., 2021). The “-1/+1” approach accounts for both the uptake and the
release of biogenic carbon from and into the atmosphere (Arehart et al., 2021). Yet this approach
is problematic in a cradle-to-gate analysis, falsely implying a negative carbon uptake. On the
other hand, the “0/0” method assumes carbon is taken from the atmosphere through plants after
being re-released during combustion, accounting for zero net GHG emissions. In the case of MP,
the gas input can be modelled as having no net GHG emissions, considering a biogenic source
and the carbon to return to the atmosphere shortly after consumption.

However, despite its fossil origin, the latest MP LCA study (Jarvio et al., 2021) has also used a
“0/0” approach by neglecting to model CO2 as gas input. Therefore, modelling the gas with a
“0/+1” approach would have been more appropriate. Figure 3 provides more clarity on the
difference between using biogenic and fossil carbon sources.

Furthermore, as CCU turns CO2 from emission into feedstock, it is essential to correctly allocate
the gas as it is always a by-product of another process such as electricity or ammonia (NH3)
production (Von Der Assen et al., 2013). Yet, in the study (Jarvio et al., 2021), such an approach
seems to have been neglected, as the LCI only included “liquid carbon dioxide production out of
waste gases from different chemical production processes”. Nevertheless, as no upstream
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emissions are associated with waste, the production of liquid CO2 is merely one process that
captures and cleans the gas. Therefore, this approach did not consider any upstream emissions
caused by the co-production of CO2 and different chemical production processes. As the current
market prices for CO2 in the UK range from 70-180£/t (Ricardo Energy & Environment, 2020),
modelling it as a waste input seems inappropriate. Thus, allocation for the co-production of
various chemical processes and liquid CO2 should be performed in such cases. Had the authors
(Jarvio et al., 2021) performed such an approach, net GHG emissions would have likely been
higher.
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Figure 3. Fossil vs biogenic CO2 emissions (Technology Collaboration Programme, 2022)

Similarly, the other MP LCA study (Sillman et al., 2020) also modelled CO2 as a waste flow,
assigning no upstream emissions associated with feedstock production. Given these modelling
choices of the only two MP reference studies, comparing biogenic and fossil CO2 sources as
input for MP production seemed necessary while allocating CO2 as a by-product in the latter
case.

3.3 Heat Source

Apart from CO2, heat was previously identified as a hotspot of MP production (Jarvio et al.,
2021). When producing low-pressure (LP) steam on-site using renewable energy instead of sup-
plying it through the chemical industry with the average energy mix, impacts on climate change
and terrestrial acidification considerably decreased. Yet, values in all other ICs increased (Jarvio
et al., 2021). Therefore, evaluating sustainable solutions for heat supply for MP production was
essential. One study (Sillman et al., 2020) has included industrial waste heat as a thermal energy
source in one MP production scenario, assigning no emissions to it. Yet, the circular economy
naturally designates an economical rate for all streams (Olofsson & Bdorjesson, 2018). Heat
should thus be modelled accordingly.

3.4 NH3 source

Another central input for MP production is nitrate (N2) through NH3 or ammonium, which both
reference studies (Sillman et al., 2020) and (Jarvio et al., 2021) have identified as an essential
contributor to various ICs. Based on the best-case scenario (Jarvio et al., 2021), the production
of NH3 contributed 30.6% towards water scarcity, 27.5% towards climate change, and 24.4%
towards terrestrial acidification, and just below 10% towards freshwater and marine
eutrophication as well as non-carcinogenic human toxicity. In both reference studies, NH3 is
produced via the Haber-Bosch process, the most common production method worldwide. Yet,
as this process uses natural gas as an H2 source, it is not only fossil dependent but displays high
environmental impacts related to the process’s energy requirements (Udvardi et al., 2015).
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Therefore, assessing the effects of using more sustainable NH3 sources for MP production was
essential.

3.5 Assessing the challenges of early-stage technologies for MP production

To comprehensively assess novel technologies, looking at their stage of development is crucial,
as it takes considerable time until they operate in a comparable way to the incumbents (van der
Giesen et al., 2020). As environmental burdens caused by emerging technologies at a low
maturity level are probably not linearly scalable, the results of such an analysis must be presented
concerning their scale of operation (Gavankar et al., 2014). The technology readiness level (TRL)
and manufacturing readiness level (MRL) are frameworks to measure the developmental stage
of a technology at a certain point in time. The indicators range from the lowest level, namely
conceptual development (TRL/MRL 1-4), to the highest level, namely small-scale production
(TRL/MRL 8-9) and mass production (MRL 10); (Gavankar et al., 2014).

In contrast to the TRL, the MRL goes beyond assessing the technology’s functional readiness,
including evaluating elements or subsystems needed to reach manufacturing maturity (Gavankar
et al., 2014). In addition to these two concepts, current studies suggest including the broader
market environment and market penetration dynamics expressed through the market penetration
level (MPL); (Bergerson et al., 2020); (Hulst et al., 2020). It is necessary to include the MPL, as
economies of scale increase productivity, resulting in further energy and material efficiency.
Once technologies reach a maximum MRL of 10 (MPL 0-5), the MPL determines whether a
technology is at an early industrial production level (MPL 0-50) or a mature production level
(MPL 50-100; figure 4); (Hulst et al., 2020). It usually takes technologies around 25 years from
early developments, with TRL/MRL 0, to compete with the incumbents, even though this period
appears to decline for more recent innovations (Hirooka, 2006). Once the novel product or
technology enters the market, reaching full maturity will take a comparable time frame (Kramer

& Haigh, 2009).
Industrial Industrial
Concept Experimental Prototype early mature
production production

Phase | TRL 1 2 3 4 5 6 7 8 9
MRL 1 2 3 4 5 6 7 8 910
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Figure 4. Development stages of emerging technologies (Hulst et al., 2020)

Poor-quality data is often used for some LCA studies on emerging technologies with a low TRL
and MRL (Gavankar et al., 2014). Yet, waiting for these technologies to reach manufacturing
maturity (i.e., TRL of 9 and MRL of 9-10) would defeat the purpose of early-stage environmental
assessment, which is used to stir the decision-making process. Consequently, early-stage analysis
is essential to avoid otherwise unforeseen burdens on the environment and lock-in effects (van
der Giesen et al., 2020). Yet, several studies assessing mass production scenarios (i.e., MRL of
9 or 10) are based on pilot-scale data with a TRL of 6 or 7 (Gavankar et al., 2014), not
representing operational scales (Arvidsson et al., 2014). Such a data mismatch is also the case
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for the first reference study (Sillman et al., 2020) that was primarily based on estimations,
neglecting the TRL entirely.

While influencing a technology’s efficiency, it will only reach a high MPL if the cost of
production is economically competitive. Excluding the production price in the analysis might
lead to technologies with a high TRL/MRL not getting to a high MPL by failing to penetrate the
market. As previously mentioned, wind and solar-powered water electrolysis for MP production
showed promising environmental results (Sillman et al., 2020); (Jarvio et al., 2021), at least
compared to animal-based proteins. Yet, water electrolysis powered by renewable energy
sources for H2 generation could only become competitive with their fossil counterparts if capital
expenditure and electricity production costs were reduced substantially (Al-Qahtani et al., 2021).
The total cost of H2 (TCH) production is made up of the levelized cost of H2 (LCOH), which is
primarily connected to the readiness of some of the assessed technologies and the monetised
environmental impacts (Al-Qahtani et al., 2021).

Currently, the most implemented technology for commercial electrical water splitting worldwide
is the AEL electrolyser (Ursua et al., 2012), followed by the PEM electrolyser (Carmo et al.
2013); (Delpierre et al., 2021). Even though these so-called green H2 production technologies
(Al-Qahtani et al., 2021) are fully developed and commercialised, they face challenges for global
integration linked to their productivity (Dotan et al., 2019). Indeed, poor efficiency levels of
electrolyte electrolysis drive high production costs and hamper competition with conventional,
fossil fuel-based H2 generating technologies (Al-Qahtani et al., 2021).

Under optimised circumstances, where volumetric productivity is at its maximum, while H2 and
electricity are continuously supplied through cheap energy sources, the current price of MP is
estimated to be 2.1€/kg, and that of soybeans is 0.27€/kg (Nappa et al., 2020). As at least 0.28kg
H2 are needed per kg MP (see appendix 1), and given the current green H2 production price
between 6-10€/kg (Squadrito et al., 2021), 2.1€/kg MP produced presumes a drastic reduction in
green H2 price. Additionally, it should be noted that comparing MP to soybeans, the former
displays a higher protein content per kg produced (Nappa et al., 2020). Even when considering
the protein content, a drastic price difference remains, which shows the importance of
considering the costs of technologies or technological components when performing an LCA on
developing novel products to guide the decision-making process. Nonetheless, the TCH has been
neglected by both previous MP LCA studies (Sillman et al., 2020); (Jarvio et al., 2021).

As production costs and environmental emissions should ideally decrease over time, it is
necessary to clearly define an LCA study’s temporal scope when assessing a technology’s future
performance. The temporal scope defines when economic and environmental results can be
expected. Still, this definition and thus the likelihood of specific scenarios accruing at a certain
point in time has been neglected by the reference studies. Water electrolysis consumes around
75% of the electricity needed for the foreground system; thus, the latter is crucial in determining
the environmental performance (Jarvio et al., 2021) and also the overall costs of MP production.
Two critical parameters for MP production are thus nutrient utilisation and electrolysis efficiency
(Sillman et al., 2020); (Jarvio et al., 2021). In the study’s best-case scenario (Jarvio et al., 2021),
the percentage of in situ electrolysis efficiency and nutrient utilisation have been modelled at
79% and 99%, respectively, while the pilot data was measured at 60% and 85-90%, respectively.
Even though 100% nutrient utilisation is theoretically possible through a closed system design
(Lee, 2015), these values seem arbitrary without indicating when and under what circumstances
to expect such a performance.

A full techno-economic assessment of the various technical setups for MP production would
have exceeded the scope of this study. Yet, as the aim was to assess MP production at a high
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MPL, assuming a competitive production price, this assessment incorporated an economic
feasibility assessment. Therefore, it was essential to look at alternative, sustainable, price-
competitive H2 sources for MP production, besides PEM and AEL, while including a realistic
outlook on when these technologies will be ready to penetrate the market.

3.6 Expanded assessment of ICs

The industrial energy demand for agricultural products is not the primary driver for GHG
emissions (Poore & Nemecek, 2018), as is the case for MP production, making the source of
electricity the leading cause of environmental impacts (Sillman et al., 2020); (Jarvid et al., 2021).
Despite the high energy demands for MP production, both reference studies showed relatively
low GHG emissions for MP production due to incorporating renewable energy systems in the
analysis. Nevertheless, a recent publication on various H2 production technologies (Al-Qahtani
et al., 2021) showed the importance of holistic assessment in LCA through a vast inclusion of
ICs, especially when assessing bioenergy. For example, biomass gasification (BG) with CCS has
the potential of sequestering 14.63kg CO2/kg H2 produced, which solar and wind energy
technologies could not achieve.

Yet, when the authors (Al-Qahtani et al., 2021) assessed endpoint indicators based on human
health, ecosystem quality, and resource depletion, BG with CCS performed much worse than
solar and wind energy in all three. In addition, BG with CCS also performed worse on the first
two indicators due to the high water and LUC linked to the biomass plantation phase compared
to LP steam methane reforming (SMR) with CCS (Al-Qahtani et al., 2021). SMR is currently
the standard method for producing H2 globally. Furthermore, due to its low H2 yield, generating
the global annual demand for H2 through biomass would require almost half of all available
cropland in the US (National Research Council and National Academy of Engineering, 2004).

Despite the importance of a holistic environmental assessment, the first MP LCA (Sillman et al.
2020) only included ICs related to conventional agriculture: LU, water scarcity, climate change,
acidification, and eutrophication. The second study (Jarvio et al., 2021) has expanded the
assessment, including ozone depletion and human non-carcinogenic toxicity. However, only six
ICs were considered in the publication (Jarvid et al., 2021). Both studies still fall short of
including other ICs related to human health, ecosystem quality, and resource depletion, other
than water and LU, such as minerals and metals and fossil use. Including resource use, however,
is essential, given the reliance of wind turbines on rare earth metals. Therefore, a holistic
assessment of MP production based on previously neglected ICs was necessary.

3.7 Summary of literature gap
Table 1 summarises the recommendations and limitations of previous studies, discussed in sec-
tions 3.1 — 3.6.

Table 1. Summary of research aim based on previous studies

Origin of issue Issue

Renewable energy continuous energy production & H2 storage was not considered
C0o2 not allocated; no differentiation between biogenic & fossil CO2
Heat not allocated; identified as a hotspot

NH3 identified as a hotspot

Technology development manufacturing maturity & timescales have been neglected
Material & resource efficiency the scaling parameters were not considered

Surrounding parameters were not considered (e.g. cost of production)

ICs not comprehensive enough
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4 Phase two: the pilot-scale LCA

4.1 Goal and scope definition of the pilot-scale LCA
At first, the goal of the LCA study was made explicit. The scope was set concerning temporal,
technological and geographical coverage.

4.1.1 Goal

This attributional LCA study intends to evaluate MP production’s best environmental system
performance while including shortcomings related to modelling choices of previous MP LCA
studies discussed in phase 1. Thus, the aim was to assess MP production using a combination of
intermittent and baseload energy sources while determining economic feasibility. This goal is
aligned with the second sub-research question defined in section 1.1. Only biomass combustion
is considered as baseload energy supply at this stage, as other solutions are assessed in the study’s
fourth phase. The reason for determining an optimal system performance was to assess if MP
could compete with SBM, which was evaluated in phase four.

Furthermore, the results of this second phase aimed to inform parameter choices for the ex-ante
LCA study conducted in phase four, where the MP system is scaled from a pilot-scale to a
commercial scale. In addition, the goal is to determine suitable biogenic CO2 allocation methods
for the feed alternative’s production, in line with the first sub-research question. Bioenergy using
point sources is thus at the heart of this analysis.

4.1.2 Scenario development for optimal system performance at pilot-scale

The following parameters were tested (table 2), aiming to find an optimal system setup to
improve the overall environmental performance of MP production at a pilot-scale while
including shortcomings of previous studies. The parameter choices were based on the review
conducted in phase 1.

Table 2. Technological parameters that were tested in the analysis

Parameters to be

Baseline-scenario Alternative-scenario
tested

1) Natural gas; produced on-site through 2)

. ical
Source of LP steam | Supplied through the chemical industry BCHP or 3) geothermal energy

Source of NH3 Supplied through the chemical industry Produced on-site using renewable H2

Wind turbine 1MW 3MW

H2 source AEL electrolysis SMR with CCS

CO2 source Supplied through the chemical industry | Biogenic origin: 1) point source — PCC from
with fossil-origin BCHP plant; 2) DAC

Three alternatives were assessed instead of LP steam from the chemical industry: heat from
natural gas, heat from a biomass combined heat and power (BCHP) plant using combustion, and
heat through geothermal energy.

As the environmental impacts of the MP product system primarily depend on the H2 source
(Sillman et al., 2020); (Jarvio et al., 2021), it should be of renewable origin. However, as
extensively elaborated in section 3.5, other price-competitive solutions needed to be evaluated
to reduce the price of MP production. SMR with CCS has a lower TCH caused by a lower LCOH
than its renewable counterparts (Al-Qahtani et al., 2021).

SMR with CCS, a so-called blue H2 production method, was chosen as an alternative to water
electrolysis, despite being a fossil feedstock. This choice was justified as CCS could be an
essential method leading toward a clean H2 economy (Simbeck, 2004), as greener technologies

26



could gradually replace less sustainable production methods over time while the infrastructure is
mainly available (Meadowcroft, 2009). Yet, even though CCS improves the environmental
performance of SMR in the short term, this is no viable long-term solution for H2 production, as
reservoirs to store CO2, which is converted from fossil sources through SMR, have limited
capacity (Al-Qahtani et al., 2021). Additionally, though being the most cost-effective
economically speaking at present, SMR with CCS cannot compete with nuclear or wind-powered
water electrolysis when comparing the monetised environmental impacts (Al-Qahtani et al.,
2021). The ecological effects of blue H2 generation to produce MP have not been evaluated.
These technologies, therefore, need careful determination to assess if this is a viable solution for
MP production in the short term.

Besides SMR with CCS, CH4 pyrolysis is another blue H2 production method, bridging the gap
between the conventional, fossil-based grey production and the green methods using water
electrolysis through renewable energy sources (Sanchez-Bastardo et al., 2021). Comparing the
two blue H2 production methods, CH4 has the clear advantage of producing solid carbon as the
sole by-product (Sanchez-Bastardo et al., 2021). Solid carbon can be used in economically large-
sale applications such as soil amendment and environmental remediation, building and
construction materials, and electricity production by direct carbon fuel cells (Muradov &
Veziroglu, 2005). On top of reducing CO2 emissions compared to grey production methods,
solid carbon from catalytic CH4 splitting in cement and metallurgical plants would further reduce
these GHG emissions (Muradov & Veziroglu, 2005). Levels of carbon in the soil lost through
erosion, LUC, and tillage, are responsible for the soil’s quality and fertility (Anderson et al.,
2018). Adding carbonaceous products to the ground can thus increase plant growth and harvest
(Muradov & Veziroglu, 2005).

The feasibility of such applications for solid carbon still needs further assessment (Muradov &
Veziroglu, 2005); regardless, storing solid carbon is cheaper than sequestration of CO2 derived
from carbon-capturing processes (Amin et al., 2011); (Kang et al., 2020). Given the exhaustion
of natural gas reserves, this is no long-term solution, yet probably the cheapest blue H2
production method, bridging the gap toward a clean H2 economy (Machhammer et al., 2016);
(Parkinson et al., 2018). Still, in another study, the H2 production costs for SMR with CCS were
lower than CH4 pyrolysis, even though the former results were more uncertain due to transport
and long-term CO?2 storage costs (Timmerberg et al., 2020). In addition, a low H2 price and
GHG emission level for CH4 pyrolysis depend on the solid carbon market (Timmerberg et al.,
2020). CH4 pyrolysis has a TRL of 3-5 (Al-Qahtani et al., 2021), increasing uncertainty. Given
these limitations, only SMR with CCS was chosen as a cheaper alternative to green H2
production methods, given a higher TRL of 7-8 and more data availability.

Two options were tested as an alternative to CO2 from the chemical industry. The first option
was to produce CO2 through a small-scale, 4.000 t/year DAC unit, and the second option was to
retrieve the gas through a post-combustion capturing (PCC) unit in combination with a BCHP.
On-site, green NH3 production was tested for a small-scale production unit of 20.000t/year as an
alternative for supply from the chemical industry. N2 was provided from the air through an air
separation unit, and H2 was provided through water electrolysis, besides CCS with SMR. In
addition, different size windmills were also tested to guide the early decision-making process.

Some authors (Matassa et al., 2015) have suggested using phosphate and sulphur from waste
streams. Regardless, using wastewater for nutrient supply had little effect on the overall MP
product system’s EF (Sillman et al., 2020). Using such waste streams was thus not further
considered.
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4.1.3 Scope

This assessment was a detailed LCA study, following the ISO 14040 and 14044 standards, which
usually require between 20-200 person work days (Guinée et al., 2002). The scope was a cradle-
to-gate analysis, even though a cradle-to-grave analysis is the most comprehensive method of
analysing a product system from a life cycle perspective. However, in the case of feed and food
products, a cradle-to-gate analysis can be adequate as proposed by the product environmental
footprint (PEF); (Zampori & Pant, 2019) or some GHG accounting systems (Cucurachi &
Steubing et al., 2021). Additionally, when comparing two systems that share identical
downstream life-cycle stages, these stages may be left out of the analysis (Guinée et al., 2002).
As this is true for the reference flows used for this comparative analysis and the later ex-ante
stage, a cradle-to-gate assessment seemed sufficient.

Besides the “0/0” modelling approach for biogenic carbon absorbed by BbPs, some
characterisation models also use the ”-1/+1” method, as discussed in section 3.2. Yet, given the
latter’s limitations for a cradle-to-gate analysis, the PEF recommends simply reporting the
biogenic carbon flows while using a “0/0” modelling approach (Cucurachi & Steubing et al.,
2021), which was the method used in this study (figure 5). Yet, fossil CO2 sources were
considered for the baseline scenario, calling for a different CO2 modelling approach. In this case,
fossil CO2 emissions were modelled as direct emissions into the air, despite not including the
consumption phase. Using a “0/+1” approach discussed in section 3.2 seemed appropriate, as a
negative carbon footprint would otherwise skew the results.

Even though MP production through industrial methods presumably has adverse effects on
biodiversity, regardless of the energy source (Jarvio et al., 2021), these effects would be difficult
to assess through the LCA methodology, given its limitation in this respect (Notarnicola et al.,
2017). Impacts on the loss of biodiversity were thus not further considered in this study.
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Figure 5. Biogenic carbon cycle from biomass plantation to MP consumption
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4.1.3.1 Technological scope

The assessment included most upscale and downscale processes related to the MP product
system, with some exceptions discussed under section 4.2.3. All operations associated with MP
production are based on LCI data of a pilot-scale unit (Jarvio et al., 2021), with a TRL assumed
to be in the range of 5-7. Wind-based water electrolysis has a TRL of 9, yet a low MPL due to
poor efficiency levels leading to high costs (Al-Qahtani et al., 2021), as discussed in section 3.5.
While AEL is fully developed, PEM has a TRL of 5-7 (The Royal Society, 2018). Given its
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higher TRL, AEL is the most widely used electrolysis production method, yet, PEM is gaining
market momentum due to its greater efficiency related to higher current density production
(Carmo et al., 2013). Yet, minimal differences were examined between the two technologies at
large-scale commercial production, using the ex-ante LCA methodology (Delpierre et al., 2021).
Variations between the two systems for MP production were thus not evaluated in this study, as
such a comparison would have had limited effects on the results.

Therefore, one technology had to be chosen over another. This way, priority was given to the
detailed assessment of more crucial system parameters. For the future performance of the two
electrolytic H2 production technologies, all ICs in scenario A of the comparative study (Delpierre
et al., 2021) performed better for AEL except for ozone depletion and acidification. In another
scenario (scenario B), differences between the two technologies were negligible apart from
acidification, where AEL performed worse (Delpierre et al., 2021). Analysing these results
further, the planetary boundaries for acidification and ozone layer depletion have not yet
exceeded the safety zone (figure 6). This containment within the safety zone is contrary to other
ICs, such as climate change and eutrophication-related biogeochemical flows, where the safe
zones have been exceeded. Thus, preference was given to AEL over PEM in this study, given its
better data availability and slightly better environmental performance according to the planetary
boundaries.
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FLOWS

Figure 6. Planetary boundaries (Steffen et al., 2015)

DAC systems are mainly categorised as no-temperature, low-temperature, and high-temperature
production. Only low-temperature has reached a TRL of 9, with the other two methods still
developing with TRLs below 6 (Viebahn et al., 2019). Climewors is the widest-known low-
temperature DAC company (Fasihi et al., 2019), which is currently one of the biggest
commercially available producers (Viebahn et al., 2019). Indeed, Climeworks is a frontrunner in
DAC in Iceland, whose commercial plants in Hinwil and Hellisheidi already display efficiency
levels of 85.4% and 93.1%, respectively.
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Large-scale commercial facilities using variable renewable energy sources, such as wind and
solar, for NH3 production through electrolytic H2 are currently under development with a TRL
of 8 (IEA, 2021). Cachimayo, a small 25 MW electrolyser facility in Peru powered through
hydropower, is the only plant worldwide producing NH3 through electrolytic H2 (IEA. 2021).

4.1.3.2 Temporal Scope

The temporal scope of this assessment was based on the current stage of MP market
development. The data for all foreground processes was retrieved from recently published
sources, mainly from 2021. The oldest publication used for the LCI data was from 2001 (Spath
& Mann, 2001). However, this was used for SMR, which has been and remains the incumbent
technology for H2 production. Therefore, improvements to this technology over the last twenty
years seemed minor and negligible compared to the benefit of providing the most comprehensive
data.

4.1.3.3 Geographical Scope

The technological setup was assumed to be based in the UK, where Drax, a frontrunner in
biomass combustion with CCS and CCU applications, is situated (Ricardo Energy &
Environment, 2020). All background data was modelled accordingly. All necessary
transportation to this plant was considered where applicable.

4.1.4 Function, FU, and reference flow
The function: the production of MP.

The FU: the production of 1kg of MP before packaging, produced under continuous energy
supply with 65% protein and 5% moisture content.

The reference flow: the production of 1kg of MP, before packaging, produced under continuous
energy supply with 65% protein and 5% moisture content using biomass combustion as a
baseload energy solution.

Suggestions have been made to establish FUs based on nutritional indexes (Saarinen et al., 2017);
(Sonesson et al., 2019). Nevertheless, the main reason for choosing the FU based on the product’s
weight was to make this study easily comparable to the only previously published LCA study on
MP production grounded in empirical, first-hand data (Jarvio et al., 2021).

4.2 LCI of the pilot-scale LCA

First, the product system was defined based on the system boundary. The study aimed to assess
all upstream and downstream flows within the system boundary, to be as comprehensive as
possible. Through the LCI, these inputs and outputs were quantified. Yet, due to data gaps, this
was not always possible. In addition to known data gaps discussed in section 4.2.3, it is likely,
that there was unawareness of certain missing information in some cases that led to gaps in the
LCI model. Therefore, all decisions and assumptions were reflected upon and documented
precisely and transparently to reduce the likelithood of missing information. Based on a
comprehensive analysis, it was assessed if cut-offs were necessary or if using a proxy would lead
to more accurate results.

4.2.1 Economic/environmental system boundary

Flows to and from the system boundary were classified into economic or environmental flows.
The former flows are artificial, even though they can be traced back to numerous environmental
flows. The latter, on the other hand, are direct flows to or from the environment without previous
human intervention.

30



In the case of biomass, the boundary between the economy and the environment might be less
precise. This study considered biomass an economic flow with limited resource capacity. The
assumption was that it came from sustainably managed forests. Despite being of biogenic origin,
the CO2 gas was also considered an economic flow, as the biomass needs to undergo a row of
production processes to make the gas available from the biomass.

Wind for H2 production or N2 from the air for NH3 production was considered an unlimited and
readily available environmental flow. Water for the electrolysis process was regarded as an eco-
nomic flow. If salt water were used instead for this process, which is endlessly available, this
would be considered an environmental flow; yet, the produced H2 and O2 gas would still be
regarded as economic flows, for the same reason mentioned for the biogenic CO2.

4.2.2 Flow chart

A flow chart was created, as depicted in figure 7, showing all inputs and outputs to and from the
product system. At the same time, the system boundary between the economic and environmental
systems was determined. Environmental flows are usually not depicted in a flow chart; however,
this was done to emphasise the relation between the economic and environmental system
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Figure 7.Flow chart of MP production system with varying technological parameters

The first MP production step takes place in a continuous stirred-tank bioreactor where HOB are
augmented to a manufacturing volume of 200m3; simultaneously, the growth process happens
under stable circumstances (Jarvio et al., 2021). The primary feedstocks in the bioreactor are
CO2 gas as a carbon source, H2 gas as a chemical energy source, and O2 gas. The latter two
gases are derived through electrical water splitting. Other inputs into the fermentation process
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are inorganic salts such as phosphorus, sulphur, and NH3 as an N2 source (Jarvio et al., 2021).
A detailed list of nutrient inputs and all other foreground processes is in appendix 2. Even though
the nutrients are supplied to the bioreactor directly, they were modelled as a separate process.
This modelling choice was due to LCI data availability and transparency reasons. After fermen-
tation, the broth is pasteurized using low-pressure (LP) steam at 120°C.

Consequently, the broth is centrifuged to separate the water from the biomass. After the centrif-
ugal separation, the cell effluent is dried to a powder with 5% moisture and 65% protein content
(Jarvio et al., 2021). The equipment needs to be cleaned every three months using sodium hy-
droxide, nitric acid solutions and water (Eide et al., 2003), which was also modelled as a separate
process.

As no emissions are released into the environment directly during H2 production, the emissions
caused are strongly interlinked to the material inputs of the electrolysis plant and energy inputs
(Koj et al., 2017). For the AEL electrolysis system, many components such as tanks, heat ex-
changers, pumps, electronics, and filters were thus considered. Furthermore, the following ma-
terials were included: materials needed for the membrane, aramid fibres, gasket manufacturing,
and various metals to produce cathodes and anodes. Other material inputs were related to the
creation of cells and cell stacks, considering their lifetime.

Additionally, the following resources were included: water as a means of cooling, deionised wa-
ter for the water-splitting process, and a potassium hydroxide solution (KOH) used as an elec-
trolyte for the AEL. The latter was assumed to have a life expectancy of 10 years. A KOH steel
filter of 145kg was also considered. Due to chemical parameters based on stoichiometry, 9kg of
water is needed to produce lkg of H2; this value is currently 10kg/kg H2 created (Delpierre et
al., 2021). A 20-year life expectancy for the electrolysis plant and a stack lifetime of 10 years
were considered. Furthermore, the plant was assumed to be operational for 95% of the year
(8300h/year), while five run-ups were considered where steam is used for heating purposes, and
N2 is applied for cleaning.

For all scenarios, based on varying technical parameters, wind energy was chosen in this study
as the only intermittent source of energy to supply H2 and O2, as it outperformed solar energy
for MP production in various locations across Europe, especially in more northern regions (Jarvio
et al., 2021). As the production occurs during oversupply, the H2 and O2 gases must be stored.
Electricity needed for the foreground systems is supplied through wind energy and biomass com-
bustion when the wind is unavailable. This availability ratio was taken as 35% to 65%, respec-
tively (Delpierre, 2019).

4.2.3 Cut-off

Facilities for the core MP production process were excluded, except for impacts related to LU
for the MP production unit, as no data could be retrieved. Additionally, all process equipment
for MP production related to fermentation, centrifuge, and drying, was also negated due to data
availability issues. As no process equipment was considered, end-of-life treatment was also
excluded. Yet most of this equipment is assumed to be stainless steel for the fermentation tanks,
which has a high life expectancy and can be recycled at the end-of-use stage. Therefore, this
equipment’s overall impact was deemed negligible over the facility’s lifespan. The end-of-life
treatment for the electrolysers was also neglected due to missing data. Due to data availability,
very detailed electronic equipment was also not considered for the foreground system. Facilities
and all process equipment were also ignored for the green NH3 production plant as no data could
be found. As steam was assumed to be kept in a closed loop, its overall impacts seemed
negligible. Steam used for the fermentation and drying process was thus modelled as heat,
ignoring the necessary water input.
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Additionally, purification, compression or storage solutions were not considered for H2, O2, and
NH3 gases, which have also been neglected in previous studies. An appropriate assessment
should have included various storage possibilities ranging from salt caverns to high-pressure
storage tanks. Nonetheless, as renewable H2 production is an emerging technology, no LCI data
was found on such storage facilities. Such an analysis would require an individual LCA study
beyond the scope of this thesis. However, energy for cooling NH3 has been considered.

As 02 has a positive market value, it should be considered a by-product of the fermentation, H2,
and NH3 processes. Regardless, all emissions of the electrolysis were assigned to H2 and none
to O2 production. The latter was thus cut off.

4.2.4 Multifunctionality and allocation

The BCHP process is multifunctional, producing three products: electricity, heat and CO2. It
was thus essential to allocate emissions accordingly. Based on the information presented in
section 3.2, the question remained of how to price CO2. The ISO 14044 standard favours
allocation based on physical relationships, yet this is challenging for BbPs due to a lack of
specific physical characteristics (Cucurachi & Steubing et al., 2021). In the case of biomass
combustion, for example, the output is energy in the form of electricity and CO2. The latter has
no energy, and the former has no mass. Given these reasons, basing the allocation on physical
relationships was impossible, and another method for solving multifunctionality was necessary.

The economic value is the only appropriate way to allocate CO2 for CCU (Von Der Assen et al.,
2013). Even though economic allocation can be a suitable method in many cases, it raises
challenges when performed in an ex-ante LCA due to uncertainty of certain market developments
based on price fluctuations, government interference and technological development (Ahlgren et
al., 2015); (Njakou Djomo et al., 2017). Indeed, the operating cost of capturing facilities is hard
to determine and depends on various factors (Kim et al., 2013). Additionally, it is hard to predict
the future CO2 price due to high fluctuations measured through various market trading schemes,
such as the ETS (Emissions Trading System). Some estimate a CO2 price of concentrated gas
between 60-450 USS per ton (Quadrelli et al., 2011). Other sources predict the CO2 price will
soon be zero or even negative due to increased efforts to sequester or store CO2, based on rising
climate change concerns (Centi & Perathoner, 2011); (Quadrelli & Centi, 2011).

Besides trading prices, which rely on broader economic developments, there is a concrete price
to build and operate a carbon-capturing unit, which seemed appropriate as an economic alloca-
tion factor. Some state a CCS price between 265-350€/t CO2 would present a viable investment
case (Aalbers & Bollen, 2017). Assuming the expenditures related to CO2 transport and storage
to be 19£/tCO2 (Ricardo Energy & Environment, 2020), which is approximately 25€/tCO2, the
price for carbon capture without storage, is, therefore, assumed to be between 240-325€/t CO2.
According to the British Royal Society, the capturing price, excluding storage, is 140-270%/t
CO2 (Ricardo Energy & Environment, 2020), equivalent to approximately 120-230 €/t CO2 (XE,
2022). Nevertheless, it was also noted that Global Thermostat, another low-temperature DAC
company capable of capturing CO2 from the air and point sources, has future ambitions to deliver
the gas for as little as 11-38€/t CO2 (Fasihi et al., 2019). As a price of 120€/t is within this current
range, it was used as the default value.

4.2.5 Data sourcing

To avoid incompleteness and possibly to mislead results, the depth of analysis of this attribu-
tional LCA was as thorough as possible. The most recent secondary data was used for all pro-
cesses related to MP production based on a comprehensive analysis of a pilot-scale setup
(Jarvio et al., 2021), which was the most recent data available. For the electrolysis, data was
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based on projections of a not-yet operational 6MW AEL plant (Koj et al., 2017), the most de-
tailed LCI data available. Two recently published LCA studies gave insight into DAC produc-
tion systems (Deutz & Bardow, 2021); (Terlouw et al., 2021). SMR was based on a source
(Spath & Mann, 2001) which excluded CCS. A more recent study (Al-Qahtani et al., 2021) was
thus used to model this process. Data on green NH3 production was also taken from a recent
study (Boero et al., 2021). Additional data was retrieved from the ecoinvent databases
(ecoinvent version 3.7, 2020). The approach provided sufficient background information to
support certain modelling decisions related to the system boundary and cut-offs. Such model-
ling decisions were carefully documented in appendix 1 & 2 to provide maximum transpar-
ency.

4.3 LCIA of the pilot-scale LCA

4.3.1 Classification

During the classification step, all externalities caused by humans and the environment were quan-
tified uniformly to match the output of the FU, as displayed in the inventory table. Negative
values resemble flows from the environment into the system boundary, and positive values cor-
respond to flows back into the environment. The classification was done automatically through
the AB. The inventory tables are in appendix 2.

4.3.2 Characterisation results and evaluation

During the characterisation, CFs assigned the environmental flows from the inventory table to
one or more ICs, where they were unified through category indicators. This step was done
automatically through characterisation models. However, not all flows were assigned a CF, as
some CFs were missing for specific ICs. This limitation was elaborated under section 2.2.4 for
ICs related to human toxicity and eco-toxicity, yet this also applies to other ICs.

Table 3 shows the impacts of the characterisation results relative to the baseline scenario. As this
phase aimed to determine the best-performing parameters, the results were displayed in this way
to make them easily comparable. Only one parameter was changed at a time regarding the base-
line scenario to give a transparent overview of the advantages and disadvantages. Any changes
exceeding 5% were marked as significantly declining or improving compared to the baseline
scenario. The characterisation results for the different technical parameter scenarios are in ap-
pendix 2.
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Table 3. Relative characterisation results of the pilot-scale MP product system in relation to the baseline-scenario

Impact category/scenario baseline | Ne2tnatu- | heatgeo- | cup | cozpac | cozpcc | NM3°" | smRrccs e
ral gas thermal site 3MW
climate change total 100.0% 85.0% 85.5% 85.4% 47.4% 47.0% 93.9% 114.4% 103.6%
freshwater and terrestrial acidification 100.0% 72.9% 73.6% 78.6% 85.7% 94.0% 101.3% 120.9% 113.9%
freshwater ecotoxicity 100.0% 95.3% 100.5% 99.6% 98.2% 91.8% 104.5% 60.8% 113.6%
freshwater eutrophication 100.0% 82.1% 83.4% 83.0% 54.1% 52.4% 99.4% 102.8% 135.5%
marine eutrophication 100.0% 85.9% 87.0% 95.5% 81.7% 96.3% 103.2% 106.1% 118.7%
terrestrial eutrophication 100.0% 91.2% 92.0% 103.7% 94.3% 114.7% 106.7% 109.2% 121.0%
carcinogenic effects 100.0% 98.9% 104.2% 100.2% 97.8% 88.9% 104.8% 39.0% 92.6%
ionising radiation 100.0% 78.6% 79.1% 79.5% 42.3% 42.6% 98.7% 119.1% 105.0%
non-carcinogenic effects 100.0% 107.1% 108.0% 127.9% 103.0% 138.3% 115.3% 107.3% 143.1%
ozone layer depletion 100.0% 72.5% 72.9% 74.1% 86.7% 88.7% 89.9% 98.9% 105.2%
photochemical ozone creation 100.0% 84.1% 85.3% 92.2% 89.0% 100.6% 101.9% 160.8% 118.3%
respiratory effects, inorganics 100.0% 73.5% 74.6% 82.4% 96.2% 109.5% 106.3% 110.8% 118.6%
dissipated water 100.0% 97.9% 107.6% 100.0% 85.7% 75.4% 72.5% 94.4% 105.8%
fossils 100.0% 77.6% 78.2% 78.2% 75.1% 74.7% 89.7% 197.9% 104.8%
land use 100.0% 119.0% 119.1% 147.6% 117.7% 168.5% 121.7% 116.8% 120.3%
minerals and metals 100.0% 99.7% 100.2% 100.0% 66.7% 62.4% 98.3% 85.7% 194.8%

Noticeable improvement
Minor change
Noticeable decline
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4.4 Interpretation of the pilot-scale LCA

The model’s validity was assessed during the interpretation by testing assumptions and choices
made during the previous LCA stages. A consistency and a completeness check were
conducted, ensuring that assumptions, data, and methods aligned with the goal and scope of
the study. A CA was neglected at this stage as this was comprehensively conducted in the
fourth phase. Besides CA, SA is also part of the interpretation stage, yet it is ingrained in all
other LCA stages (Guinée et al., 2002). This integration is undoubtedly true for scenario-based
ex-ante LCA studies, where the various scenarios represent a range of values per variable
parameter, integrating SA into the LCI analysis. Therefore, no additional SA was performed at
this stage, especially as this was done expansively in phase four.

4.4.1 Consistency and completeness check

The consistency and completeness checks were somehow limited at this stage because this
comparative attributional LCA was not performed between two different product systems but
merely between varying parameters. These checks were more appropriate in the study’s fourth
phase, where the product system was compared against a reference system. Regardless, both
checks at this stage ensured that necessary data was accessible and had been comprehensively
analysed.

During the LCIA, scenarios were analysed where the baseline scenario was compared to
changing parameters. There was a slight data mismatch between the baseline scenario and the
varying parameter scenarios since the former was built on established processes retrieved from
the ecoinvent database (ecoinvent version 3.7, 2020). In contrast, the data for the functions of
some of the different parameters were based on literature. The ecoinvent database is the most
established LCA database; however, its data is often outdated (van der Giesen et al., 2020).
The information for the varying parameters was mainly from LCIs found in scientific articles,
mostly from 2021. It was more recent than most ecoinvent processes while simultaneously
displaying more uncertainty due to the technologies’ lower TRL.

Despite some ecoinvent processes being outdated, the data is well established, which presumes
a certain level of completeness. Recently published literature also provides some assurance of
data completeness, at least for the stage of the TRL. Given this assessment for the default
scenario versus the scenarios of the varying parameters, completeness seemed more
comprehensive than consistency overall. Generally, ex-ante studies question completeness
over consistency, as novel technologies are usually assessed versus incumbent ones. The
inconsistencies were therefore accepted for the sake of the research, and completeness was
given higher priority.

4.5 Evaluation of the second phase
This phase aimed to evaluate MP’s best performance at the pilot-scale while considering
economic feasibility.

All three alternatives for heat performed better than supplying it through the chemical industry;
however, impacts for non-carcinogenic effects and LU increased, most significantly through
the supply of BCHP. Out of the three assessed alternatives, heat through natural gas performed
best on average, yet no transport distance and equipment were considered.

Producing CO2 through DAC and PCC showed a clear advantage over using CO2 from the
chemical industry. For the latter, there was a clear advantage of 12 ICs over the baseline sce-
nario, with the results for climate change, ionising radiation, and freshwater eutrophication

36



approximately 50% lower than those of the baseline scenario. Yet, there was a clear disad-
vantage for terrestrial eutrophication, non-carcinogenic effects, photochemical ozone creation,
and LU. The latter increased by almost 70% compared to the baseline scenario.

The advantages of producing green NH3 on-site were debatable. Impacts of climate change,
ozone layer depletion, water and fossil use were considerably less compared to the baseline
scenario. Nevertheless, the results of terrestrial eutrophication, non-carcinogenic effects, res-
piratory effects, and LU increased, the latest most considerably.

IMW wind turbines outperformed 3MW wind turbines in all ICs but one, where the difference
was marginal. Using 3MW turbines increased the impacts by roughly 20% on average across
all ICs, except for mineral and metal use, where externalities were almost 100% higher com-
pared to the baseline scenario, showing the sensitivity of the results. When producing H2
through SMR with CCS, instead of AEL electrolysis, results increased in 10 ICs and decreased
in four. Based on these findings, it is not recommended to use SMR with CCS. However, it
might still be feasible, depending on the outcomes of the comparative analysis of the ex-ante
LCA.

It would have been more appropriate to perform allocation for the co-production of CO2 and
products from the chemical industry. Such distribution would have assigned more burdens to-
ward the baseline scenario besides fossil CO2 emissions, which have been included, as dis-
cussed in section 4.1.3. This approach would have more clearly shown the benefits of using
biogenic CO2 from PCC through biomass combustion over fossil CO2 from the chemical in-
dustry. However, this inclusion would not have changed the comparative results. In the case of
green on-site NH3 production, no clear advantage or disadvantage could be observed; regard-
less, as on-site production becomes more efficient, an advantage over supply through the chem-
ical industry is expected.

5 Phase three: analysis of varying technical & surrounding parameters

5.1 Assessment of changing technical parameters

This section aimed to assess the technological parameters that influence the environmental
performance when the MP product system is scaled up from pilot to manufacturing scale. The
analysis is built on the literature review conducted in section 3 and the recommendations
regarding the optimised product system in section 4.5. MP production is an emerging
technology still under development, but so are most of the emerging technology parameters
recommended in section 4.5. As these technologies mature over time, the increase in
performance must thus be considered accordingly. This increase in performance is displayed
through varying technical parameters related to an optimised MP product system, which will
be evaluated in the following section.

Based on a comprehensive analysis, the following parameters were identified:
- Energy and production efficiency based on electricity and heat use
- Nutrient utilisation level related to TRL, MRL and MPL
- Material and resource efficiency based on economies of scale
- Type of baseload energy

The last parameter was not linked to the scale of production but rather to the overall
performance of the MP product system.
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5.1.1 Energy efficiency

5.1.1.1 Electrolyser efficiency

It was highlighted in section 3.5 that the efficiency of the electrolyser primarily dictates the
overall performance of the MP product system. One former MP LCA has assumed efficiency
levels of 53.0kWh/kg H2 (Sillman et al., 2020), which was not grounded in empirical MP
production data. Others have measured efficiency of 60%, upon which a baseload scenario was
built (Jarvio et al., 2021). 60% efficiency is approximately equivalent to 63.1kWh/kg H2, based
on a calculation in appendix 1. The authors of the latest MP LCA (Jarvio et al., 2021) have
assumed an efficiency of 79%, upon which an optimal scenario was setup (Jarvio et al., 2021).
Such an efficiency level is in line with the highest electrolyser efficiency levels, with PEM in
the range of 62-82% and AEL in the field of 67-82%, measured as a higher heating value
(Carmo et al., 2013).

In the current state-of-the-art electrolytic H2 production, namely PEM and AEL, the water
oxidation and reduction reactions happen concurrently at two electrodes (Smolinka et al.,
2015). As this occurs in the same space, it leads to problems like H2/O2 intersection (Guillet
& Millet, 2015); (Millet, 2015); (Smolinka et al., 2015), obstructing the process under
inconsistent supply of energy through intermittent renewable technologies (Rausch et al.
2014); (Wallace & Symes, 2018). By uncoupling the oxidation and reduction reactions,
electrochemical thermally activated chemical (E-TAC) water electrolysis overcomes the
challenge of H2/O2 intersection, avoiding high production efficiency losses which lead to
voltage efficiencies of 98.7% or 39.9kWh/kg H2 (Dotan et al., 2019). Due to additional heat
losses, the system’s overall performance is expected to be 41.9kWh/kg H2. This new water-
splitting method is still under development, and the above results are based on a proof-of-
concept experiment (Dotan et al., 2019). Regardless, a 600MW E-TAC electrolysis facility is
currently being built, expected to start green H2 production by late 2023 (H2PRO, 2022).

There are two ways of supplying H2 and O2 to the bioreactor: in-situ water electrolysis and
external water electrolysis, which is the conventional way (Sillman et al., 2020). Due to a lower
mass transfer of the gases to the liquid solution, the growth rate gets prohibited when using the
latter method (Yu, 2014). Nevertheless, external water electrolysis can result in inferior energy
use, yet safety needs to be considered as gases supplied to the bioreactor can spark explosions
(Sillman et al., 2020). 54% was the highest efficiency level reported for in-situ electrolysis (Liu
et al., 2016), while other values were much lower (Torella et al., 2015). It was unclear if this
study’s (Jarvio et al., 2021) primary LCI reference data was based on external or in-situ
electrolysis. Still, given the higher efficiency considered, compared to the previously reported
54%, the study’s (Jarvio et al., 2021) data was assumed to have been based on external H2 and
O2 supply.

5.1.1.2  Green on-site NH3 production efficiency

According to an LCA study on green NH3 production through water electrolysis, changes in
production efficiency levels were related to the amount of electricity needed, partially based
on the size of the production facility (Boero et al., 2021). Electricity is required for the H2
production through water electrolysis, the N2 air capturing unit used to fuse the gases through
the well-refined Haber-Bosch process, the facility construction phase, and the product
refrigeration. For a 20.000t NH3/year production facility,  IMWh of electricity was needed to
produce 1.000kg of liquid NH3; for a 100.000t NH3/year production facility, this input was 9-
10MWh. An additional 60-75kWh of electricity was needed for cooling 1.000kg liquid NH3,
yet this was independent of the size of the production facility (Boero et al., 2021).
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5.1.1.3 DAC production efficiency

Based on an LCA study using one of Climework’s industrial-scale DAC temperature—vacuum
swing adsorption systems, per kg CO2 produced, 0.7kWh of electricity is needed today and
0.5kWh in the future (Deutz & Bardow, 2021). Additionally, 4.7M1J of heat are required today
and 2.2MJ in future, assuming a heat pump’s Coefficient of Performance of 2.51. Further
11.9MJ and 5.4MJ of heat below 100° C are needed, now and in the future. This heat is assumed
emission-free, given the low temperature and vast availability. This data was representative of
daily average measurements and optimisation possibilities (Deutz & Bardow, 2021).

5.1.2 Nutrient utilisation level

The nutrient utilisation level during the fermentation process is relevant for CO2, H2, O2 and
NH3 and was measured at 85-90% and estimated to be 99% for optimal performance (Jarvio
et al., 2021). Even though it was not clear what information this assumption was based on, full
nutrient utilisation is theoretically possible (Lee, 2015), as already discussed in section 3.5.

5.1.3 Material and resource efficiency

5.1.3.1 Electrolysis material and resource efficiency

Data on material and resource efficiencies for the AEL electrolysis plant was based on the
amount of deionised water, the KOH, the electrolysis plant life expectancy and the
electrolyser’s stack life expectancy (Delpierre, 2019); (Delpierre et al., 2021). The amount of
steel and nickel are directly, yet not exclusively, related to the plant and stacks’ life
expectancies. These metal inputs are also expected to decrease due to system optimisation.

Over twenty years, the current steel and nickel inputs for a 6MW AEL plant are 200t and 19t,
respectively (Koj et al., 2017). According to their analysis of various sources, the authors esti-
mate the steel consumption to be in the range of 10-30kg/kW until 2050 (Delpierre, 2019);
(Delpierre et al., 2021). A literature review of numerous pilot-scale LCA studies on AEL plants
found current nickel values in the range of 0.2-2kg/kW (Delpierre, 2019). For KOH, predic-
tions for future use were seen in the range of 1-2g/kg H2, which were in line with current levels.
Water use was found in the range of 10-19kg H20/kg H2, with predictions of future use in the
field of 9-10kg H20/kg H2 (Delpierre, 2019). The plant’s life expectancy was twenty-30 years,
and the stack’s lifetimes were between 80.000-130.000 hours (Delpierre et al., 2021).

E-TAC electrolysis has a simplified, membrane-free technological setup compared to electro-
lytic water splitting. This novel setup makes certain construction materials redundant, increas-
ing the overall material efficiency (Dotan et al., 2019).

5.1.3.2 Green, on-site NH3 production material and resource efficiency

Changes to the green NH3 production system were related to the size of the production plant
and the amount of NH3 and O2 leaking into the air (Boero et al., 2021). Per tonne of NH3
produced, 0.08kg and 0.07kg of NH3 and 1040 Nm3 and 1020 Nm3 of O2 are emitted, given
a yearly production of 20.000t and 100.000t, respectively. NH3 is a relevant air pollutant
(Boero et al., 2021) whose emissions need to be assessed carefully; O2, on the other hand, is
not considered an environmental emission.

5.1.3.3 DAC’s material and resource efficiency

Resource efficiencies for the DAC system related to the use of concrete, steel, the construc-
tion of the building hall, transportation, and land, for which both industrial and transfor-
mation of natural land were considered (Terlouw et al., 2021). The number of resources used
relates to the size of production. Data was given for plants capable of capturing 4.000t
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CO2/year and 100.000t CO2/year. Please refer to appendix 2 for more information, as the
LCI data used for the DAC systems (Terlouw et al., 2021) was not transparently displayed.

5.1.4 Type of baseload energy

Nuclear power is a more sustainable energy source for generating MP than energy derived
through wind and solar (Jarvio et al., 2021). Additionally, using atomic power for MP
production would make energy and gas storage solutions redundant; nevertheless, the Uranium
used to fuel nuclear power is a finite resource. Besides, radioactive atomic waste poses issues
with intragenerational justice. Such ethic concerns, however, are not quantifiable in an
attributional LCA study. As this study focused on using sustainable and renewable energy
sources for MP production, nuclear power was not further evaluated.

Geothermal energy, on the other hand, does not cause any pollution or toxic substances during
operation (Duffield & Sass, 2003). Compared to intermittent energy sources, geothermal
energy is not influenced by seasonal cycles and changing weather conditions (Surindra et al.,
2019), making the energy and H2 supply for MP production constant. Geothermal energy is
available through heat kept in rocks and water a couple of kilometres below the earth’s crust
(Dickson & Fanelli, 2003). This energy is endlessly available if harvested in a closed-loop
pressurised steam system (Aneke et al., 2011); (Rudiyanto et al., 2017). In addition, the land
requirements for geothermal power plants are far less than those of conventional power plants
(Edrisi & Michaelides, 2013).

Bioenergy derived from biomass conversion is currently the most abundant type of renewable
energy worldwide (Bagherian et al., 2021). It can be retrieved from products, by-products and
residues (Bhavanam & Sastry, 2011) in the form of trees, energy crops, and side streams such
as bark and sawdust from several industries (Malico et al., 2019). Compared to its fossil
counterparts, there are several disadvantages of using biomass for bioenergy generation, related
to low energy density and heating value, as well as high moisture content. To overcome these
limitations while limiting transportation costs, biomass products can be pre-treated into
charcoal or pellets. These products are mainly sourced from outside of Europe (Malico et al.
2019), making the overall cost and emission reduction for transportation questionable. The
latter is the dominant pre-treatment method in Europe, yet these products only make up 9% of
input materials used for bioenergy production (Malico et al., 2019).

Since 2010, the use of bioenergy in Europe has almost doubled (Afrouzi et al., 2021);
(International Renewable Energy Agency, 2022), primarily through heating applications
(Bagherian et al., 2021). This increase led to a production capacity of 9% and 16% of total
electricity and heat demand (Banja & Jégard, 2017). Bioenergy is thus at the core of renewable
energy supply, particularly in Europe (Bagherian et al., 2021). To further reduce fossil energy
demand, CHP facilities were developed, which are more efficient than conventional power
plants, with efficiencies of up to 90% (Wahlroos et al., 2014). Using CHP, 12% less biomass
is needed to generate an equal sum of electricity and heat (Wahlroos et al., 2014). There is a
vast growth potential for CHP applications which would reduce GHG emissions (Bagherian et
al., 2021). Countries are following this trend, such as Great Britain, which set a cap for
electricity-only production (Wahlroos et al., 2014). There are several thermochemical methods
for CHP generation, of which combustion is the most advanced (Ahmad et al., 2016), with only
10% of bioenergy not produced through combustion (van Loo & Koppejan, 2007).

Besides bioenergy, hydropower is a highly suitable method for renewable electricity
generation, covering 6.1% of primary energy demand worldwide, with a yearly expansion of
3% (Turkenburg et al., 2012). Regardless, the impacts on the environment caused by this
method need to be well understood. LCA studies on hydropower plants often fall short of
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accounting for biogenic CH4 emissions caused by the degradation of organic matter in the
water reservoirs (Hertwich, 2013). The global average emissions from hydropower are
estimated to be 3g CH4/kWh (Hertwich, 2013). CH4 oxidises into CO2 in the atmosphere and
thus has a 28-fold global warming potential compared to CO2 of biogenic origins (Mufioz &
Schmidt, 2016). To reduce the impacts of climate change through hydropower plants,
minimising the surface area is thus essential (Hertwich, 2013). In addition, hydropower plants
have caused environmental degradation linked to loss of biodiversity, effects on fauna and
flora, water scarcity and landscape intrusion, as summarised in the study by (Botelho et al.
2017). Thus, these effects must be considered carefully, especially as they are mostly not
quantifiable through the LCA methodology.

5.2 Assessment of morphological field

5.2.1 The strategic niche management and multilevel perspective

Strategic niche management is an analytical tool to determine the progress of a novel
technology embedded in an incubation system, which provides a safe space for the innovation’s
development (Caniéls & Romijn, 2008); (Schot & Geels, 2008). During this progression, the
new technology must compete with the fully developed incumbent system, despite still being
in the research and development phase (Geels & Schot, 2007). Suppose the emerging
technology overcomes challenges connected to this progression and external pressures. In that
case, it can eventually develop into a market niche and compete with the incumbent technology
or system (Kamp & Vanheule, 2015). The following aspects were suggested to examine niche
progress: explicitly framing and forming expectations, developing strong network formations,
and enabling learning processes (Raven, 2005). In the following paragraph, these drivers are
elaborated on in more detail.

The framing and forming of expectations directly influence the technology’s development
through parameter choices, the amount and type of stakeholders involved, and the available
funding (Hoogma et al., 2002). Expectations can additionally influence such progression if they
are spread amongst the stakeholders and provide visions while being legitimized through
testing and research (Kamp & Vanheule, 2015). The strength of network formations dictates
niche development by attracting attention, carrying expectations, and enabling learning (van
der Laak et al., 2007). Successful technological advancement depends on solid networks built
by diverse stakeholders with divergent abilities and roles (Raven, 2005).

Additionally, actors’ ideas and expectations must align with the niche progress through
frequent teamwork and interplay amongst the various actors (van der Laak et al., 2007).
Learning can contribute to the orientation of expectations while also affecting them (Kamp &
Vanheule, 2015). Intense learning depends on knowledge sharing, trust, the closeness between
stakeholders, and reflection on many characteristics (van der Laak et al., 2007); (Kamp et al.,
2004). Learning goes beyond reaching targets for the technology’s development and its
fundamental norms and principles; it also includes progress from infrastructure and
manufacturing, users, and social groups, as well as governmental bodies and governing
frameworks (Hoogma et al., 2002).

The multi-level perspective is a framework that adds to strategic niche management by
including external factors influencing the innovation’s upscaling process, often beyond the
reach of the internal niche dynamics (Kamp & Vanheule, 2015). The framework analyses the
socio-technical system in which the niche is embedded through landscape, regime, and niche
dynamics (Geels, 2002). Regarding change, the former usually has the slowest dynamic, yet
also an unpredictable and destabilising one, e.g. caused by geopolitical conflicts, variations in
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energy prices, and accessibility of resources (Hofstede, 2005); (Geels & Schot, 2007); (Romijn
etal., 2010).

Below the landscape lies the regime level where the incumbent technologies are situated (Kamp
& Vanheule, 2015). This level is commonly steady and impervious to introducing emerging
technologies (Kamp & Vanheule, 2015), as the existing ones are locked in and “path-
dependent” (Verbong & Geels, 2007). The more unstable a regime, the easier it is for emerging
technologies to establish themselves. Instability is caused by internal conflict and landscape
pressures directly influencing regime dynamics (Kamp & Vanheule, 2015), as well as pressure
from the niche if it has developed enough motion (Geels & Schot, 2007). Such movement can
be rooted in lower costs, backing from influential stakeholders, and enhanced achievement and
functionality of the invention (Kamp & Vanheule, 2015). Given the volatile and uncertain
nature surrounding niche progression, novel technologies are very receptive to landscape and
regime dynamics (Geels & Schot, 2007). The interplay between the three levels dictates the
success behind the scaling of the novel technology (Kamp & Vanheule, 2015). Conditional on
favourable multi-level dynamics and the right moment in time, fundamental inventions have
the chance to become part of the overriding regime (Geels & Schot, 2007).

5.2.2  The surrounding parameters of MP production

Regardless of reducing the dependency on fossil resources, bioenergy is a finite resource that
faces numerous challenges. Indeed, most of the wood for bioenergy production in European
comes from uncertified sources (Sikkema et al., 2017). If such standards were to be met in
future, it might affect supply security (Malico et al., 2019). Moreover, as demand for bioenergy
is projected to increase further in Europe (Wahlroos et al., 2014), this will strain resource
supply in other countries (Malico et al., 2019). Due to low-level backing, several plans for
biomass facilities have been stalled in favour of other energy supply sources, some of which
are less sustainable (Wahlroos et al., 2014). Great Britain is Europe's largest importer of solid
biomass (Malico et al., 2019).

The method of producing MP requires much energy, making the source of electricity a crucial
part of determining its overall sustainability performance (Sillman et al., 2020); (Jarvio et al.,
2021). Regardless of the high energy demand, concepts of MP production are expanding due
to the use of renewable energy technologies (Matassa et al., 2016). MP can realistically replace
13% of the protein in total livestock feed demand by 2050, yet this would also require around
10% of the collective solar and wind energy available if it was produced through water
electrolysis, affirming the importance of large-scale implementation of renewable energy
technologies (Pikaar et al., 2018). Additionally, given the pressure on various industries to
reduce their CO2 footprint, an increase in demand for wind and solar power also leads to issues
of supply for rare earth metals to produce wind turbines and solar panels, hampering the
widespread employment of these renewable technologies (Smith Stegen, 2015). This
competition poses the question of availability, especially for young companies with renewable
energy sources at the core of their invention. Availability might particularly be problematic for
wind energy, where capital costs are high while available funds are often low.

Besides supply stability and source of electricity, volumetric productivity and electricity costs
have the most remarkable ability to reduce MP production prices (Nappa et al., 2020). As
previously mentioned, renewable energy production costs are levelled with their fossil
counterparts (Sillman et al., 2019). Given these recent price developments, which posed a
challenge for renewable energy implementation for a long time, a further price reduction is
assumed in future. Lower renewable electricity costs will also lessen the price of H2
production, yet they are not the sole reason for such price improvements. Due to the increased
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efficiency and lower economic costs compared to PEM and AEL, a lower TCH can be
considered for E-TAC electrolysis (Dotan et al., 2019). H2Pro, the company currently
developing this technology, claims that a novel setup reduces expenses related to assemblage,
material use, and upkeep while making the need for harmful buffer solutions redundant (Dotan
et al., 2019). This technological progression will thus lead to prices of 1$/kg H2, making it the
cheapest source of green H2 globally (H2PRO, 2021). In comparison, the SMR and SMR with
CCS prices are approximately 1.9$/kg H2 and 1.3$/kg H2, respectively (Al-Qahtani et al.,
2021).

Regardless of these promising price reductions, to reach costs in the range of SBM's, the MP
price under optimal conditions would need to drop a further 8-10 times (Nappa et al., 2020).
One way to reduce H2 production costs while decreasing environmental emissions is to use
excess O2 as a by-product (Kato et al., 2005), consequently lowering the MP price. O2 is, for
example, needed for medical purposes, while electrolytic-O2 is the only process anticipated to
compete with the purity levels produced by the well-established cryogenic air separation
method (Squadrito et al., 2021). For the largest part, O2 is used by the steel industry, mining
and metal refining, and the pulp and paper industry (Nicita et al., 2020). Regardless, green H2
supply should prioritise industries that are hard to decarbonise, such as the steel, primary
chemical and NH3, maritime, and long-haul aviation industries (Agora, 2021). To widely
implement green H2 production and thus make it available for novel applications, such as MP,
further policy support is thus needed in the long run, as current CO2 prices are too low to
incentivise large-scale renewable H2 production (Agora, 2021).

Such a price drop might thus seem out of reach for the time being, yet if MP were to supplement
more expensive animal products for human consumption, this would drive down MP
production costs due to economies of scale. Such a scenario might make MP feed alternatives
economically competitive with the incumbents. However, MP feed alternatives can be made
using a broader source of microbial origins because there are stricter regulations for human
food (Ritala et al., 2017). MP as a food alternative is thus, to date, mainly produced from cheap
wastes from the food and beverage industries (Ritala et al., 2017).

Furthermore, there are still numerous challenges that microbial proteins are facing in this
respect, as biomass production methods need to meet all health and safety standards for human
consumption (Nappa et al., 2020). For example, doubts about using cyanobacteria, known as
Spirulina, as a nutrition alternative have been voiced due to its phylum’s capability to generate
damaging neurotoxins (Spolaore et al., 2006); (Cox et al., 2016). Other safety challenges relate
to handling and storing combustible gases at substantial manufacturing levels (Nappa et al.,
2020).

To overcome the difficulties hampering the wide-scale implementation of MP, it is thus vital
to create visions while aligning stakeholders’ expectations. Suppose the environmental and
health benefits of using MP over conventional protein sources are clearly shown. This clarity
would incentivise stakeholders to enable novel concepts such as MP production access to
renewable energy sources. Showing such benefits is thus vital to stir early decision-making
processes related to the innovation’s technological setup and policy intervention to avoid lock-
ins later. Only through solid learning and network formations can niche and regime dynamics
help MP transition from a niche development to a well-established technology. The degree of
influence on policy agendas, key stakeholders, public acceptance, and public funding will play
an essential role in this transition, along with access to renewable energy, green H2 and NH3.
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5.2.3 PESTEL diagram

Based on the analysis of sections 3.0 and 5.2.2, the most influential quantitative parameters of
the socio-technical MP system were identified through a PESTEL diagram. PESTEL stands
for political, economic, sociological, technological, environmental, and legal.

Political: policy support, lobbying of established stakeholders, power of the established
suppliers, subsidies for agricultural production, health targets, access to renewable energy

supply

Economic: price development, consequences on employment, funding grants for R&D for
biobased food products, economies of scale, health care costs

Sociological: stakeholder involvement, food consumption habits, acceptance of novel
production methods, general disaffirmation of GMO food in the EU, education on
environmental issues and solutions, ecological awareness, sustainable consumption habits,
advertisement, ethical sourcing of materials/elements, independence of soil and weather
conditions, resource efficiency, water saving, resource availability, food availability, local food
production

Technological: technological development, technical efficiency, the flexibility of food
production (no dependency on soil or weather conditions), comparatively easy to scale up the
production system, grid stability

Environmental: access to renewable energy sources is necessary for low ecological footprint,
land and water availability, and less soil strain. MP production can potentially have a positive
impact on biodiversity and toxicity related to

Legal: food regulation, legislation to mitigate climate change and air pollution, EU food and
safety laws

5.3 Causal loop diagram and cross-consistency analysis

A causal loop diagram (CLD) combined the most relevant qualitative and quantitative
parameters (figure 8). This step made the broader influencing parameters more tangible and
clearly showed their relationship to the technical parameters. Even though only the latter were
quantifiable in the LCI, through the CLD, modelling choices became more transparent by
relating the technical parameters to the broader context. Following the CLD, a CCA was
performed to limit the number of plausible scenarios based on logical contradictions and
empirical constraints (table 4). This narrowing down process was done by testing the
legitimacy between circumstances through a pairwise assessment.
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Figure 8. Causal loop diagram

5.4 Evaluation of the third phase

During the third phase, technical and surrounding parameters were defined to significantly
influence the MP products system’s development. Through a CLD and a CCA, the relationship
between the technical and morphological fields was made explicit. This approach set the
groundwork for parameter choices for different scenarios analysed during the ex-ante LCA



Table 4. Cross-consistency analysis of technological and surrounding parameters
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6 Phase four: scenario development and ex-ante LCA

6.1 Goal and scope definition of the ex-ante LCA

6.1.1 Goal

This study’s final phase aims to build a storyline that matches the qualitative and quantitative
parameters while the values for the changing technical parameters were to be defined. Based
on these values, this chapter aims to determine an optimised MP product system’s
environmental performance when scaled from a pilot-scale to commercial production levels
while using a combination of intermittent and baseload energy sources. Additionally, the
purpose is to evaluate the MP product system’s performance with different baseload energy
sources. The central goal is to compare the different MP production scenarios against the
production of SBM, in line with the main research question. Based on this analysis, the purpose
is to make recommendations for further system improvements and future research aims. The
final objective is to answer the last sub-research question by evaluating the extent to which the
developed framework has contributed to current methods for explorative scenario approaches
using the ex-ante LCA methodology for emerging technologies. The further goal definition
regarding target audience, reviewing, steering committee, commissioner, and free topic choice,
is in line with the pilot-scale LCA study.

6.1.2 Building of scenarios

Through the CCA, a storyline for the different scenarios started to emerge. This approach
created scenarios based on the surrounding parameters, evaluated in section 5.2, that dictate
the technical ones, evaluated in section 5.1. In the next step, sub-scenarios were developed,
where defined values were assigned to the technical parameters. Table 5 shows these sub-
scenarios related to the nutrient utilisation level, material and energy efficiencies, and type of
baseload energy.

6.1.2.1 Scenario building for the morphological field
Three scenarios were created based on the analysis in sections 3.0, 5.2, and 5.3. A detailed
parameter table can be found in appendix 2.

6.1.2.2 Scenario building for the technological field

Based on phase two’s results and phase three’s analysis, an optimal technological system was
modelled considering three baseload energy sources: bioenergy using a CHP biomass
combustion plant with a PCC unit, hydropower, and geothermal power. Changing technical
parameters, defined in section 5.1, were given values that change over time. As in the pilot-
scale scenario, wind also provided energy for other foreground processes such as fermentation
and drum drying, yet for only 35% of the time due to availability. Given its large-scale
implementation in Iceland, geothermal energy was not supplemented by wind-powered
electricity, as this seemed redundant. Combining the different baseload energy sources and the
technology’s development created 12 scenarios, ensuring a broad range of results.

BCHP was chosen as the heat source for scenarios with hydropower and bioenergy as baseload
solutions. Despite the outstanding performance of heat generation through geothermal power
plants, it was not considered for these two scenarios, given there is no geothermal heat
availability in some regions of the world. It could be debated if the heat should be supplied
through BCHP or natural gas; however, given its lower impacts on climate change and fossil
use, the former was chosen.
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Table 5. Scenarios based on surrounding parameters

Demand for vegan alternatives

Environmental awareness

Funding for R&D

Bioeconomy policy support

Procuction costs

Production scale MPL

Vegan alternatives remain niche
products

Environmental awareness is low
and remains conceptual

Funding is low and insufficient

Low policy support; climate
targets are not reached

Production costs are high,
funding is needed as product not
market competitive

MRL of 10 might not be reached;
production scale remains at a low
MPL below 5

Vegan alternatives penetrate the
market on a large scale

Environmental awareness is
supported through concrete
individual choices

Funding is sufficient for
technological and market
development

Sufficient policy support; climate
targets are likely reached

Production costs are market
competitive, yet remain high; no
funding needed

MPL between 5-50; product is
commercially produced

Vegan alternatives become
dominant over animal products

Environmental awareness is
institutionalised on a broad scale

Funding is enough to support
lobbying and institutionalisation

Policy support beyond climate
targets, tackling food security &
resource use globally

Production costs outperform
animal alternatives

MPL of 50-100; fulll economies of|
scale are reached

Public acceptance

Shortage of food supply

Stakeholder involvement

Access to renewables

Use of green hydrogen

There is low public acceptance
and animal products remain the
first choice

Remains high due to inefficient
resource use

Remains low with dispersed
interest, low network formation
& learning

Little access as renewable energy
production remains centralised

Low due to high cost related to
H2 production; grey & blue H2
remain dominant

MP is publicly accepted; MP is at
par with animal products

Effects of more efficient
resources use start emerging on
global level

Network formation starts to
emerge, interests start to align

Renewable energy becomes
more de-centralised and
accessible

Green H2 is largely implemented,
yet still needs subsidies to remain
competitive

MP have become part of
normality and are no longer
extraordinary

Production in scarce regions
leads to more equal distribution

Solid network formations change
institutional structures

Renewable energy is fully
accessible

Green H2 is fully implemented
due to low production price
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Medium case / small commercial production; 2030-2040

Best case / high commercial production; 2040-2050




SMR with CCS was not further considered for MP production, as the advantages and
disadvantages over water electrolysis were already displayed in section 4.3.2. AEL water
electrolysis was thus chosen as the H2 source for all scenarios in this phase. The AEL
facility’s material inputs mainly depend on the plant and stack life expectancies. These
material inputs, therefore, changed as life expectancy is anticipated to increase over time.
Values for the changing parameters in 2020 were mainly based on the LCI of (Koj et al.,
2017). Between 2030 and 2040, the plant’s life expectancy is 20 years, with a stack lifetime
of 10 years. In 2040 the plant’s life expectancy is 25 years with a stack lifetime of 12.5 years,
while in 2050, these values increase to 30 and 15 years, respectively. Appendix 2 shows a
detailed list of the material inputs related to the plant’s and stacks’ life expectancies.

Concerning the deionised water used for electrical water splitting, the values were in the range
of the future predictions of 9-10kg H20/kg H2 (Delpierre, 2019). Based on recent literature
(Delpierre et al., 2021) and calculations found in appendix 2, the steel consumption of the
AEL plan equated to a range of 55.5-177t per AEL plant, respectively. Using the same source
(Delpierre et al., 2021) and calculations, nickel inputs were between 1.1t and 11.8t per AEL
plant, below those reported by (Koj et al., 2017). As no future predictions for nickel use were
found, the values were based on the variations of the current range of 0.2-2kg/kW. The
measures used to determine the steel and nickel inputs were based on an hourly production
rate of 118kg H2/h and considered the efficiency of the electrolysis as well as the plant and
cell stacks’ lifetime. As the predicted values for KOH matched the current values, this range
of 1-2g/kg H2 was used as the technology progressed. Electrolysis efficiency levels ranged
from 63.1kWh/kg H2 to 41.9kWh/kg H2. Despite E-TAC’s higher material efficiency, this
reduction was not considered due to a lack of data.

Green on-site NH3 production was chosen for all scenarios, given its better performance than
supplying it externally from fossil sources. Three production sizes were considered for these
facilities: 20.000t NH3/year, 60.000t NH3/year, and 100.000t NH3/year. Changes in
electricity inputs and NH3 emissions were considered accordingly. The nutrient utilisation
level was modelled between 85-99% efficiency, progressively increasing over the 30 years.
For the gas inputs, these values were 1.8-2.0kg CO2, 2.8-3.2kg H2, and 2.4-2.7kg NH3, per
kg MP produced. For reasons discussed under section 4.2.3, O2 was left out of the analysis.

CO2 was supplied from point sources using a PCC unit attached to a BCHP plant for the
scenarios using bioenergy and hydropower as baseload energy sources. As no data was avail-
able for pellets, wood chips were used instead as input into the CHP process. The process
encompassed the facility, the biomass feedstock, the emissions to air, and the discarding of
the ashes (Treyer, 2014). Additionally, materials for operation included: lubricating oil, or-
ganic chemicals, sodium chloride, chlorine and decarbonized water (Treyer, 2014). DAC was
used in the place of point sources in the case of geothermal power. For the DAC system, a
4.000t CO2/year capturing unit was modelled until 2040, which was assumed to increase its
capacity to 100.000t CO2/year afterwards. Electricity, material efficiencies, and heat inputs
were changed in line with this increase in production capacity.

6.1.3 Scope

The general scope is the same as for the attributional LCA study of the pilot-scale MP system;
the analysis is from cradle to gate using a “0/0” modelling approach for biogenic carbon. As
in phase two, the scope of this assessment is a detailed LCA study following the ISO 14040
and 14044. Still, compared to the previously conducted LCA, there are differences regarding
the temporal, technological and geographical scope discussed in the following sections.
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6.1.3.1 Temporal scope

The temporal scope resembles a progression from 2020 until 2050 in 10-year intervals. This
progression aims to show the potential development of the production system over time. This
progression could also be seen as a bad, a middle, and a worst-case scenario, as highlighted
under section 2.2.4.

6.1.3.2 Technological scope

In 2020, the year the LCI data (Jarvio et al., 2021) was documented, the MP product system
resembles a pilot-scale facility with TRL 6-7. In 2030 the TRL was assumed to reach a value
of 9, while a MRL of 10 might also be achieved. In 2040 total manufacturing capacity is
accomplished with an MPL of up to 50. In 2050 a MPL above 50 resembles MP as new,
incumbent technology. E-TAC water electrolysis momentarily has a moderate TRL,
presumably reaching total manufacturing capacity by 2050. In the MP scenarios for 2050, it
was thus considered instead of AEL. This technological progression is in line with an
appropriate time frame discussed in section 3.5.

6.1.3.3 Geographical scope

Three different locations were considered in this study. Geothermal energy was assumed to
be retrieved from Iceland, as 65% of primary energy in Iceland is produced in this way
(Government of Iceland, 2016). The scenario using hydropower as an energy baseload was
set in Finland, given its high share in the primary energy production mix. Even though
variations in this energy source can be expected due to weather conditions, in 2016, an
electricity share through hydropower of 18.4% was reported (Statistics Finland, 2017). For
the biomass combustion plant, England was chosen as the geographical location for reasons
highlighted under section 4.1.3.3.

6.1.4 Function, FU, and reference flow
The function and FU were the same as in section 4.1.4. The reference flows are the following:

- The first reference flow is the production of 1kg MP, with 65% protein and 5%
moisture, before packaging, using wind power and biomass combustion as energy
sources. From now on, this reference flow will be referred to as MP Bio for simplicity.

- The second reference flow is the production of 1kg MP, with 65% protein and 5%
moisture content, before packaging, using wind power and hydropower as energy
sources. From now on, this reference flow will be referred to as MP Hydro for
simplicity.

- The third reference flow is the production of 1kg MP, with 65% protein and 5%
moisture content, before packaging, using geothermal energy. From now on, this
reference flow will be referred to as MP Geo for simplicity.

- The fourth reference flow is the production of 1.3kg SBM, before packaging, produced
in Brazil with 45-55% protein content. From now on, this reference flow will be
referred to as SBM BR for simplicity.

- The fifth reference flow is the production of 1.3kg SBM, before packaging, produced
in the rest of the world (except Brazil) with 45-55% protein content. From now on,
this reference flow will be referred to as SBM RoW for simplicity.
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The protein content of SBM lies between 44-56% of the dry mass (DM); (Banaszkiewicz,
2011). The crude fat content lies between 0.55-3.3% of the DM (Banaszkiewicz, 2011). In
comparison, the MP analysed in this study has a protein content of 65% and a fat content of
6% (Jarvio et al., 2021). It was, therefore, necessary to increase the amount of SBM to match
the comparison to MP. 1.3 seemed like an appropriate scaling factor based on comparing the
two alternatives’ protein and fat content. It was assumed that the moisture content of SBM
matched that of MP. Regardless, a comparison based on the amount of protein can be
misleading as different protein sources vary in their nutrition content (Jarvio et al., 2021),
posing a specific limitation to this study.

Fishmeal showed better results for climate change, ozone layer depletion, energy demand,
freshwater use, and LU than MP; only for acidification, MP had slightly better results (Jarvio
et al., 2021). Regardless, for reasons of biodiversity loss and natural resource depletion,
fishmeal is generally considered unsustainable, despite its advantages over MP in most ICs. It
was therefore not considered further in this study.

6.2 LCI of the ex-ante LCA

There were no changes between the economic and environmental system boundary, and
allocation choices, between phase two and phase four. Biogenic CH4 emissions were
considered in the analysis for the hydro reservoir, which has often been neglected in LCA
studies, as discussed in section 5.1.4. Regarding the cut-offs, some were added compared to
section 4.2.3. As no LCI data was available regarding material inputs for E-TAC water
electrolysis, these materials were based on predictions for the facility in 2050. Additionally, no
transport or storage was included for CO2 from the PCC unit to the hydropower plant.

6.2.1 Flow chart
The CLD developed in section 5.3 was integrated into the MP product system flowchart,
displayed in figure 9 below.
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Sumrounding parameters

- Internal background parameters
I:I Internal foreground parameters
l:l Foreground system processes

i System boundary

_______

*+**® Environmental flows

® Tech nosphere flows

Figure 9. CLD and flowchart showing the relationship between surrounding parameters and the MP product system

6.2.2 Data sourcing

Besides modelling systems related to baseload energy, CO2 capturing, green NH3 and H2
production, the MP production data was taken from the only available empirical source (Jarvio
et al., 2021). Material and energy efficiencies related to the water-splitting process were
retrieved from two LCA studies on AEL electrolysis (Koj et al., 2017); (Delpierre et al., 2021).
A recently published paper on E-TAC electrolysis gave insight into the expected efficiency
(Dotan et al., 2019). A techno-economic MP analysis was used for production price indications
and other qualitative parameters, thus the morphological MP field (Nappa et al., 2020). The
environmental and economic costs of H2 production were retrieved from a recent publication
that compares various grey, blue and green H2 production methods (Al-Qahtani et al., 2021).
The same sources were used in phase four as in phase two regarding future predictions of
material and energy efficiencies of DAC and green NH3 production systems. SBM reference
flows were modelled using the LCA database. Data on alternative methanotrophic microbial
protein sources were taken from recent literature.

6.3 LCIA of the ex-ante LCA

For more information on ICs and classification, please refer to section 4.3. Limitations to the
impact assessment stage for ex-ante LCA studies were discussed in sections 2.1.4 and 2.2.4.
The characterisation results presented in this section were thus assessed carefully with these
limitations in mind.

6.3.1 Characterisation results & evaluation

The characterisation results for the different scenarios per FU are shown in figure 10, with each
graph displaying one IC. A table with the numeric results is provided in the appendix 2 for
more detailed information.

For non-carcinogenic effects, impacts of SBM production are displayed as negative numbers.
These negative numbers are an indication of a lack of missing CFs. The results in this IC were
thus non-comparable to MP production and were consequently left out of the comparative
assessment. Therefore, a comparison between the incumbent and MP reference flows was
drawn between 15 ICs.

52



4.00E+00

3.50E+00

3.00E+00

2.50E+00

2.00E+00

1.50E+00

1.00E+00

5.00E-01

0.00E+00

ILCD 2.0 2018 midpoint, climate change, kg CO2-¢eq.

Throughout all 12 scenarios, the impacts of climate change were
below 1kg CO2-eq per kg MP produced. 2020 Geo showed the
worst performance of the three MP scenarios, yet those results were
at least 200% below those of the two SBM reference flows. All
three MP product systems improved their performance over 30
years by about 0.25kg CO2-eq.

Bio had the lowest impacts in total; in the “best-case” in 2050, these
impacts were nearing 0.5 CO2-eq per kg MP produced.

Even though Geo performed worst out of the three MP production
systems, these results aligned with hydro in 2050. This alignment
resulted from Geo’s more substantial decrease in impacts over time.
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Impacts for the 2020 scenarios showed an increase of
approximately 50-180% compared to the impacts of the two
incumbent systems. Neither Bio nor Hydro could compete with
SBM, despite a steady decrease over time. Geo started competing
with the incumbent system in 2040. In 2050 Geo outperforms SBM
RoW; however, this advantage was only 5% approximately. The
impacts of the best-case scenarios for Bio and Hydro in 2050 still
exceeded SBM by about 30-70%.

Over time, the decrease in emissions was roughly 30% for Bio and
Geo and 25% for Hydro.
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The impacts for all MP scenarios were lower than those of the
incumbent systems. 2020 Geo, the worst-performing MP scenario,
showed a reduction of over 40% compared to the incumbents. In
2050, this reduction was over 100%.

Over the 30 years, the impacts of the three MP product systems
decreased by 25-50%.
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The impacts for all MP product systems outperformed SBM BR.
Compared to SBM RoW, the impacts of the MP production
scenarios were not competitive until 2030, when Bio started to
display advantages. Throughout the 30 years, Bio performed best
out of the three MP product systems, while Geo performed worst.

The impacts of MP production in 2020 were approximately 25%
and 50% above SBM RoW for Hydro and Geo, respectively. In
2050 Hydro displayed an advantage of about 10%, while Geo still
lagged by 5%.
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There was a clear advantage of MP production over SBM
production. In 2020 Bio, the worst-performing MP scenario
outperformed SBM RoW by 350%. In 2050 this relation was almost
twice as much, as impacts were practically halved over the 30 years.

The other two MP product systems displayed a similar reduction
over time. Hydro and Geo generally outperformed Bio by
approximately 50% and 400%, respectively.
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Geo was the only MP production system that outperformed SBM.
This advantage was about 50% in 2020 and 100% in 2050.

In 2050, the impacts of Hydro were 10% above those of SBM RoW
and level with SBM BR. In 2020, the difference to the former was
approximately 30% and 15% to the latter.

MP Bio performed worse than SBM RoW by almost 150% in 2020
and 70% in 2050.
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The impacts of the MP product systems were higher than SBM by
several orders of magnitude.

The impacts for all three MP product systems decreased by 20-40%
over time. Nonetheless, this reduction was insignificant compared
to the impacts of both SBM BR and SBM RoW.

7.00E-02

6.00E-02

5.00E-02

4.00E-02

3.00E-02

2.00E-02

1.00E-02

0.00E+00

Sal
o8
$

v
>

ILCD 2.0 2018 midpoint, human health, ionising
radiation, kg U235-¢q.

The impacts of all three MP systems could not compete with those
of the incumbent systems. In the worst-case scenario, the difference
between SBM RoW and 2020 Geo was almost 150%. In the best
case, 2050 Hydro, this difference was around 60%.
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The impacts of Geo were the lowest out of the three MP production
systems. In 2020, these impacts were almost six times lower than
Bio’s and nearly three times lower than Hydro’s.

Over time, there was an insignificant reduction for all three MP
product systems.
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MP Bio could not compete with SBM in any case.
The other two MP product systems outperformed SBM RoW in

2020. Additionally, both performed better than SBM BR, Geo from
2040 and Hydro from 2050.
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Geo performed best out of the three MP product systems and
outperformed SBM even at the pilot-scale. Impacts for Geo
declined by roughly 25% over time.

Hydro also outperformed both comparative reference flows at the
pilot-scale. In 2050, with a fully developed MPL, the impacts of
Hydro were between 20-50% lower than those of SBM.

Bio was uncompetitive with the incumbent systems, even at fully
developed MPL.

1.40E-07

1.20E-07

1.00E-07

8.00E-08

6.00E-08

4.00E-08

2.00E-08

0.00E+00

> Q
D
Q\* ¥

O \

N 00 S «\8‘
SRS

Q/
& S\Qp
&

4,@

ILCD 2.0 2018 midpoint, human health, respiratory
effects, inorganics, disease incidences

None of the MP product systems were competitive with SBM RoW,
even though Geo came close in 2050. Only Geo outperformed SBM
BR, yet only from 2030.

The impacts of the worst-performing scenario, Bio 2020, were over
five times those of SBM RoW. For Hydro, the disadvantage was
between 35-100%, compared to the incumbent systems.




5.00E+00
4.50E+00
4.00E+00
3.50E+00
3.00E+00
2.50E+00
2.00E+00
1.50E+00
1.00E+00
5.00E-01
0.00E+00

&
v

ILCD 2.0 2018 midpoint, resources, dissipated water, m3
water

None of the three MP production systems could compete with SBM
production. For Hydro and Geo, the results were several orders of
magnitude larger than those of the incumbent product systems.

Outcomes of Hydro barely reduced over time; those of Geo
declined by about 25% over 30 years. In 2050 impacts of Geo were
less than half those of Hydro.

Bio’s results were in the same magnitude as the incumbent product
systems. Yet even at fully developed MPL, the impacts were still
over 100% larger than those resulting from the production of SBM
RoW.
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None of the MP product systems could compete with SBM, even at
high MPL. In 2050, impacts were between 80% and 100% higher
than SBM RoW, with Bio showing the least and Geo showing the
most.

The outcomes of Bio and Hydro were very similar over time. In
2020 results of Geo were roughly 20% higher than those of the
other two MP reference flows. In 2050 these differences decreased.
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Out of all assessed ICs, LU showed the most noticeable difference
between the three MP product systems. The results of all three MP
reference flows were competitive with SBM even at the pilot-scale.
The outcomes of Hydro were over three times less than those of the
incumbents. The effects of Geo were many orders of magnitude
below those of the incumbents. Bio’s performance was most
closely aligned with that of the incumbents; the difference between
the various scenarios was between 10-20%

All three MP product systems showed marginal change over time.

Figure 10. Characterisation results of the ex-ante LCA
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Summary of the characterisation results for Geo

Geo’s overall performance at TRL 6-8 outperformed the two incumbent systems in six of 15
assessed ICs: climate change, ecosystem quality, marine eutrophication, terrestrial
eutrophication, photochemical ozone creation, and LU. For freshwater eutrophication and
ozone layer depletion, Geo 2020 performed better than one of the two compared product
systems but worse than the other. There was a total disadvantage compared to SBM for seven
ICs in 2020: freshwater and terrestrial acidification, carcinogenic effects, ionising radiation,
respiratory effects, dissipated water, fossil resources, and minerals and metals.

At MPL 50-100, an advantage over SBM also occurred for freshwater and terrestrial
acidification and ozone layer depletion, thus in eight ICs. For the latter, this advantage started
to appear in 2040. The advantage of the incumbent systems remained in five ICs at high MPL.

Summary of the characterisation results for Hydro

Compared to SBM, there were advantages in five ICs in 2020: climate change, freshwater
ecotoxicity, marine eutrophication, photochemical ozone creation, and LU. For freshwater
eutrophication and ozone layer depletion, overall benefits emerged in 2040 and 2050,
respectively. There was a general disadvantage, even at high MPL, compared to SBM for eight
ICs: freshwater and terrestrial acidification, terrestrial eutrophication, carcinogenic effects,
ionising radiation, respiratory effects, dissipated water, fossil resources, and minerals and
metals.

Summary of the characterisation results for Bio

At TRL 6-8 and MPL 50-100, there was an absolute advantage to SBM in four assessed ICs:
climate change, freshwater ecotoxicity, marine eutrophication, and LU; for freshwater
eutrophication, this was also true from 2030. There was a total disadvantage compared to SBM
for 10 ICs: freshwater and terrestrial acidification, terrestrial eutrophication, carcinogenic
effects, ionising radiation, ozone layer depletion, photochemical ozone creation, respiratory
effects, dissipated water, fossil resources, and minerals and metals.

Summary of the overall characterisation results

Rooted in the above analysis of the characterisation results, Geo performed best overall, Hydro
performed second best, and Bio performed last out of the three assessed MP product systems.
Based on the number of favourable ICs, only Geo was advantageous over the incumbents, yet
only at high MPL; neither Hydro nor Bio could compete with SBM, even in the best-case
scenario.

6.3.2 Normalisation results and evaluation

6.3.2.1 Context of normalisation

As comparative characterisation results were closely aligned, especially for Hydro, closer eval-
uation was necessary. Normalisation is used to help decision-making during the LCIA stage by
presenting the magnitude of the characterisation results in relation to a reference value through
a NF (Crenna et al., 2019). NFs are usually made-up of area-specific or global inventories of
environmental and economic flows combined with absent elementary streams, e.g. using esti-
mations for emissions that influence specific ICs (Cucurachi et al., 2014). NFs are combined
with an impact assessment method and the associated models (Sala et al., 2017).

As mentioned in section 2.4.4, there are limitations regarding the USEtox model related to
toxicity ICs. Currently, the model only portrays 3000 substances (Hou et al., 2020). The authors
(Hou et al., 2020) compare the Toxic Substance Control Act by the U.S. Environmental Pro-
tection Agency (EPA), which includes over 85,000 substances. Furthermore, the USEtox
model misses 19% and 67% of CFs for ecotoxicity and human toxicity, respectively, on top of
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the already limited depiction (Hou et al., 2020). In addition to these limitations, there are esti-
mations of over 100.000 new organic substances that enter the global market every year, for
which impacts are primarily unknown. Even though this number could not be independently
verified, these numbers indicate how little is known of the effects on human health and the
environment caused by new chemical flows.

These unknown CFs generally lead to high relevance for toxicity-related ICs compared to the
normalised results of other ICs. Some normalisation results are consequently more reliable for
some ICs than others. The reliability of the NFs is summarised in table 6 below. In the table,
NFs are judged by the completeness of the inventory data and the inventory robustness. The
latter is dictated by the quality of the data and the robustness of the impact assessment method
based on model quality (Sala et al., 2017) and recommendations from the ILCD (Hauschild et
al., 2011). This assessment thus gives insight into the possible source of uncertainty in calcu-
lating the NFs. The recommendation level, also displayed in table 6 for the EF impact assess-
ment, summarises inventory completeness and robustness. The recommendation levels range
from I, meaning the model is suitable and advocated, to III, meaning the model is still approved
and yet to be applied carefully.

6.3.2.2 Prioritisation of normalised results

Assessing the overall advantages and disadvantages of the MP and SBM reference flows was
difficult based on the characterisation results. Thus, priority had to be given to some ICs. Pri-
oritisation was based on the significance of the characterisation results, their recommendation
level, and the planetary boundaries. In the following paragraphs, the results were evaluated
based on such prioritisation.

The normalised results for 2020 and 2050 of 14 ICs were displayed in graphs (figure 11 &
figure 12). Impacts of non-carcinogenic effects were left out of the normalisation results, as
they showed negative figures for reasons discussed in section 6.3.1. Missing CFs for
environmental flows of chemicals generally lead to low world reference values compared to
other ICs. Therefore, toxicity-related ICs have low recommendation levels, between II and I1I.
Normalisation results for carcinogenic effects and freshwater ecotoxicity were thus the highest.
SBM displayed high relevance while not matching the lower results of the MP reference flows
for freshwater ecotoxicity. The opposite was true for carcinogenic effects. Thus, the
comparative advantages and disadvantages between the incumbent and the emerging
technology were somewhat balanced for these two assessed toxicity-related ICs. Given this
balance, the high inaccuracy and uncertainty, toxicity-related ICs were not further evaluated or
considered for the overall comparison. Furthermore, MP’s impacts for carcinogenic effects
were several orders of magnitude above those of all other ICs. Thus, they were not displayed
in the graph, as it would have been hard to read the other results.

The results for freshwater eutrophication in the case of SBM BR also showed exceptionally
high relevance, which could be a sign of missing CFs. Nonetheless, this could not be verified.
Consequently, these impacts were still considered. Based on the highest values of the
normalisation results, besides toxicity-related ICs, the main priority was given to climate
change, eutrophication-related ICs, water use, LU, and mineral and metal use. The latter and
freshwater eutrophication had the highest contribution for all five reference flows. The first
four ICs have a medium to high recommendation level, while the latter have a low one.

Despite their high recommendation levels, ionising radiation and ozone layer depletion results
showed little relevance for both the emerging and incumbent technologies. The potential
advantages and disadvantages of the two product systems were thus barely considered. The
significance of the normalisation results for all other ICs, namely freshwater and terrestrial
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acidification, photochemical ozone creation, respiratory effects, and fossil use, was in the mid-
range; at the same time, their recommendation levels vary. These four ICs were thus given
equal importance.

Therefore, priority was thus given to ICs with high relevance and high recommendation levels.
This prioritisation of ICs is also, for the focal part, in line with the planetary boundaries. Based
on figure 6, the limits for climate change, biochemical flows, i.e. eutrophication, and land-
system change, have already been exceeded. Freshwater use is within the safety boundary, yet
it was still prioritised given the relatively high normalisation results for Hydro and Geo. Based
on the planetary boundaries, the impacts of freshwater and terrestrial acidification and ozone
layer depletion are within the safety zone. At the same time, those of atmospheric aerosol
loading, i.e. particulate matter, have not yet been quantified to assess their planetary limit.
Assigning little relevance to ozone layer depletion while placing medium importance on the
other two ICs thus seemed reasonable.

6.3.2.3 Summary of the normalisation results for 2020

Geo 2020

For climate change and LU, Geo outperformed SBM. Geo also displayed a slight advantage to
SBM for the three eutrophication ICs. However, SBM showed better results for mineral, metal,
and water use than Geo. For the ICs displaying mid-range importance, SBM performed better
overall, displaying an advantage in three out of four ICs.

Hydro 2020

As for Geo, Hydro outperformed SBM for climate change and LU. For water use and mineral
and metal use, SBM surpassed Hydro. In the ICs related to eutrophication, comparative results
levelled each other out. For the ICs displaying mid-range importance, SBM performed better
overall, as is the case for Geo.

Bio 2020

A clear advantage over ICs with high significance was observed for climate change and LU.
For eutrophication ICs the comparative difference is marginal. For freshwater, mineral and
metal use, and all four ICs displaying mid-range importance, SBM beat Bio 2020.

Overall evaluation of normalisation results for 2020

Based on the above-elaborated prioritisation, Geo was somewhat level with SBM even at TRL
6-8. However, the high relevance of minerals and metals makes this claim debatable. Despite
an optimal system setup, neither of the other two MP reference flows was competitive with
SBM in 2020. These findings thus change the characterisation results for Geo 2020.

6.3.2.4 Summary of the normalisation results for 2050

Geo 2050

As the MPL increases, the advantage over SBM in the three eutrophication ICs becomes more
apparent, while the disadvantage remained for water, mineral, and metal use compared to 2020.
For the ICs displaying mid-range significance, SBM had a slight overall advantage.

Hydro 2050

At high MPL, Hydro displayed a clear total advantage in the three eutrophication ICs. As for
Geo, the substantial disadvantage for water, mineral, and metal use remained. The worse
overall performance compared to SBM for ICs displaying mid-range importance was also still
apparent.

Bio 2050
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As Bio outperformed SBM for eutrophication overall, there was a slight advantage compared
to SBM for ICs with high significance, even though the benefit for LU was marginal compared
to the other two MP reference flows. Besides ionising radiation and ozone layer depletion, the
normalised results for water use showed the most negligible significance for Bio; yet the result
was still approximately double that of SBM. SBM's noticeable advantage remained for
minerals and metals and the four ICs displaying mid-range importance.

Overall evaluation of normalisation results for 2050

For the ICs of the highest significance, all three MP reference flows outperformed SBM
overall. Regardless, the normalised results for minerals and metals remained exceptionally high
for MP production compared to SBM, as did the water use for Geo and Hydro; however, the
opposite was true for LU, somehow levelling out the results in these two ICs. Despite MP’s
advantage in ICs of high importance, only Geo outperformed SBM when considering ICs of
medium relevance. For Hydro and Geo, no clear overall advantage or disadvantage could be
observed at high MPL.
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Figure 11. Normalisation results for MP production in 2020 and current SBM production
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Table 6. Normalisation factors and recommendation levels (Sala et al., 2017)

et al., 2002)

Imbact catego Model Unit global NF Inventory cover- | Inventory Recommendation level
P gory for EF age completeness | robustness of EF impact assessment
Climate change IPCC (2013) kg CO2-eq 5.8E+13 I | I
Ozone depletion WMO (2014) kg CFC-11-eq | 3.3E+08 m I I
Human toxicity, cancer USEtox Saouter et al. (2018) CTUh 3.4E+05 1 1 1/
Human toxicity, non-cancer USEtox Saouter et al. (2018) CTUh 5.9E+06 I I 1
Particulate matter Fantke et al., 2016 disease inci- | 4.95E+06 @ i i |
dences
lonising radiation Frischknecht et al., 2000 kBg  U-235- | 2.9E+13 " " "
eq.
Photochemical ozone formation Van Zelm et al., 2008 as applied | kg NMVOC | 2.8E+11 " I "
in ReCiPe (2008) eq.
Acidification Posch et al., 2008 mol H*-eq 3.8E+11 I /I 1
Eutrophication, terrestrial Posch et al., 2008 mol N-eq 1.2E+12 I il I
Eutrophication, freshwater Struijs et al., 2009 kg P-eq 5.1E+09 I m I
Eutrophication, marine Struijs et al., 2009 kg N-eq 2.0E+11 I /11 1
Land use Bos et al., 2016 (based on) pt 9.64E+15 ) | I I
Ecotoxicity freshwater USEtox Saouter et al. (2018) CTUe 5.8E+13 M M 1/
Water use AWARE 100 (based on | m® water eq | 7.91E+13 ®
Frischknecht & Jolliet, 2016) of deprived I Il 1l
water
Resource use, fossils ADP fossils (van Oers et al., | MJ 4,5E+14
I I 1]
2002)
Resource use, minerals and metals ADP ultimate reserve (van Oers | kg Sb-eq 4.4E+08
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6.4 Interpretation of the ex-ante LCA
Consistency and completeness check

6.4.1

Table 7. Consistency check

Check MP product systems SBM product systems Compare APS to | Action
OFPS

Data source Literature/ ecoinvent 3.7 ecoinvent 3.7 Not consistent No action

Data accuracy Some uncertainty Good Not consistent No action

Data age 1990 - 2021 2011 - 2021 Consistent No action

Technology Experimental data Existing, large-scale Not consistent No action

coverage technology

Time-related Novel technology Conventional Not consistent No action

coverage technology

Geographical Europe member country Brazil and the rest of Not consistent No action

coverage where possible, else global | the world

Multifunctionality Yes No Not consistent SA

Cut-off Yes No Not consistent No action

Table 7 was created to state inconsistencies between MP and SBM production. There were
some general inconsistencies between the LCI of the MP product system and the SBM model.
The former was based on pilot-scale data, while the latter was based on a well-established
industrial-scale production system. To limit the impacts these inconsistencies might have on
the accuracy of the results, recent data sources were used for MP production, keeping grey
literature to a minimum. In fact, for all data used for modelling purposes, only published
scientific literature was used. Despite efforts, companies in the field of MP production were
unwilling to share their data for this publication.

Multifunctionality was inconsistent between the MP and SBM models, as it only applied to the
former. The only multifunctional process in the study was heat and power co-generation, which
also produces CO2. Allocation was based on the CO2 price, which is very volatile and highly
impacted the results. Therefore, the SA performed in phase two was carefully considered in the
analysis of phase four to contain the fluctuations in the results, thus limiting the variations
between the two models.

Despite these inconsistencies, the two LCIs were considered as complete as possible. However,
there were some cut-offs for the emerging technology, so the MP model was not as
comprehensive as the incumbent system. Regardless, these cut-offs were considered a minor
lack of completeness. For the sake of generating useable results, completeness was therefore
given priority over consistency in this study.

6.4.2 Contribution analysis

6.4.2.1 Contribution analysis for the MP system

Based on the characterisation results, it was essential to reflect on possible solutions for specific
ICs to evaluate if the MP production system could be improved further. In this section, a CA
was performed for the three MP product systems in 2050. This year was chosen as the
reference, displaying the most optimised scenarios. Based upon the analysis of the optimised
design, other hotspots were identified, showing the most substantial room for improvement.

In the first step of the CA, the product contributions were traced back to the product’s origin,
neglecting other hotspots along the supply chain. In the tables below, the most prominent
contributors labelled “rest” sum up all contributions below 5%. The second-largest contributor
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was electricity which was not evaluated further as inputs came from various unit processes,
each contributing below 5%. A more thorough analysis was conducted in the CA’s second step
based on the AB’s Sankey function. These Sankey diagrams can be found in the appendix 2.

Wastewater treatment had a positive contribution for some ICs, which is displayed with a
negative connotation. These negative values indicate circumvented emissions by lessening
pollutants and nutrient concentrations through the treatment facility, which would otherwise
end up in the environment (Szulc et al., 2021).

69



ILCD 2.0 2018 midpoint, climate change

product 2050Bio 2050Hydro | 2050Geo
Total 1.00E+00 1.00E+00 1.00E+00
Rest 5.09E-01 4.47E-01 3.89E-01
electricity, high voltage 3.09E-01 4.40E-01 3.40E-01
nylon 6-6, glass-filled 5.31E-02 5.57E-02

heat, district or industrial, other than

natural gas 6.66E-02 5.73E-02

pig iron 1.19E-01
clinker 9.93E-02
hard coal 5.26E-02
sodium phosphate 6.22E-02

Bio: H2 production made up 30.4% caused by windmill
production, with 15.0% related to steel production and 6.3% to
glass-fibre reinforced plastic. The nutrient solution contributed
39.1%; of these impacts, potassium carbonate and sodium
phosphate contributed 15.3% and 18.2%, respectively. 6.2% were
related to the production of sodium phosphate itself, while a further
9,0% were indirectly linked through the production of phosphoric
acid. 17.2% came from wood chip production, of which transport
made up 7.2%. Wood chips were the main contributor to CO2 and
electricity production for all foreground processes, except for H2
production. The former contributed 14.9% and the latter 12.1%.
5.2% of impacts caused by CO2 were related to the carbon capture
process.

Hydro: Like Bio, H2 production made up 30.7% caused by
windmill production; more precisely, 15.7% related to steel and
6.6% to glass-fibre reinforced plastic. Electricity production for all
other foreground processes made up 24.5%, mainly caused by non-
alpine hydro reservoirs. The nutrient solution accounted for 30.9%;
11.9% and 14.2% were related to potassium carbonate and sodium
phosphate. 7.0% were indirectly linked to the latter through the
production of phosphoric acid. CO2 accounted for 10.6%, with
wood chips contributing 8.1%.

Geo: 61.3% of impacts came from deep-well drilling for
geothermal power related to electricity production. Of these
impacts, 42.3% were related to H2 production and 15.3% to all
other foreground processes. When tracing these impacts further
upstream, 35.2%, 10.9%, and 9.8%, 2.4% related to steel
production, the Icelandic electricity mix, Portland cement, and
potassium carbonate, respectively. The nutrient solution
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contributed 31.2%; potassium carbonate and sodium phosphate
comprised 11.7% and 13.7%, respectively.

ILCD 2.0 2018 midpoint, ecosystem quality, freshwater and
terrestrial acidification

product 2050Bio 2050Hydro | 2050Geo
Total 1.00E+00 1.00E+00 1.00E+00
Rest 2.46E-01 2.98E-01 4.43E-01
electricity, high voltage 5.59E-01 4.57E-01 2.29E-01

nickel, 99.5%

heat, district or industrial, other than

natural gas 6.26E-02 7.04E-02 6.85E-02
copper 5.48E-02 8.14E-02
sulfuric acid 7.82E-02 9.32E-02 1.44E-01

transport, freight, sea, bulk carrier for
dry goods 6.05E-02

sinter, iron 5.47E-02

Bio: 53.7% of impacts came from heat and power co-generation;
31.8% were associated with CO2, and approximately 20% with
electricity production. 26.3% related to the nutrient solution; of
these impacts, 6% came from potassium carbonate and 16.5% from
sodium phosphate, with 13.8% related to phosphoric acid. 15%
were related to H2 production, which can be traced back to
windmill production.

Hydro: Of the total impacts, 31.7% were linked to the nutrient
solution, 24.8% to the production of CO2, and 24.1% to the
production of H2. The latter was related to windmill production.
The impacts of CO2 come from the heat and power co-generation
process. For the nutrient solution, 7.2% relate to potassium
carbonate and 19.7% to sodium phosphate, of which the most
considerable part is linked to phosphoric acid.

Geo: The nutrient solution made up 48.5%; 11.1% was caused by
potassium carbonate and 30.3% by sodium phosphate, with
phosphoric acid contributing 25.4%. H2 made up 33% of electricity
generation; many of these impacts were linked to steel needed for
deep-well drilling. All other foreground processes cause 10.7% of
inputs through electricity generation.

ILCD 2.0 2018 midpoint, ecosystem quality, freshwater
ecotoxicity

product 2050Bio 2050Hydro | 2050Geo
Total 1.00E+00 1.00E+00 1.00E+00

Bio: 26% were related to CO2 and 19.3% to electricity generation.
These impacts were the main contributors to heat and power co-
generation, contributing 44%; 12% related to the actual process,
22% to wood ash treatment through landfarming, and 9.8% to wood
chips, mainly concerning transport. 31.9% related to H2
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Rest 2.56E-01 4.45E-01 3.11E-01
wood ash mixture, pure 2.18E-01 1.37E-01
ferrochromium, high-carbon, 68% Cr 1.15E-01 1.60E-01

electricity, high voltage 1.23E-01 8.00E-02

slag, unalloyed electric arc furnace steel | 1.04E-01 1.42E-01 1.03E-01
brake wear emissions, lorry 8.18E-02

H3PO4 purification residue 1.02E-01 1.06E-01 8.01E-02
drilling waste 5.06E-01
residue from shredder fraction from

manual dismantling

basic oxygen furnace waste

wastewater, average -7.08E-02

production, related primarily to steel, with a contribution of 24.1%.
24.4% were related to the nutrient solution, with 10.2% from
landfilling phosphoric acid treatment residue.

Hydro: H2 production contributed 44.5%, mainly related to steel
for windmills with 35%. CO2 contributed 24.8%; of these impacts,
13.7% related to landfarming wood ash, and 7.0% to the heat and
power co-production. 26.3% came from the nutrient solution, with
17.6% associated with sodium phosphate, of which 10.6% came
from landfilling phosphoric acid treatment residue. Wastewater
treatment had a positive contribution of 7.1%.

Geo: 82% related to deep-well drilling for geothermal power used
for electricity production. 48.7% of this contribution was connected
to landfarming drilling waste. 21.2% were related to the nutrient
solution; 13.3% were tied to sodium phosphate, of which 8% were
linked to landfilling phosphoric acid treatment residue.

ILCD 2.0 2018 midpoint,
eutrophication

ecosystem quality, freshwater

product 2050Bio 2050Hydro | 2050Geo
Total 1.00E+00 1.00E+00 1.00E+00
Rest 4.64E-02 3.61E-02 9.88E-03
sulfidic tailings from copper mine oper-

ation 2.48E-01 2.80E-01 1.34E-01
spoil from hard coal mining 2.42E-01 2.50E-01 3.48E-01
spoil from lignite mining 2.33E-01 2.27E-01 2.37E-01
H3PO4 purification residue 1.53E-01 1.37E-01 1.24E-01
Concentrated broth 7.76E-02 6.98E-02 6.31E-02
basic oxygen furnace waste 8.35E-02

Bio: 44.5% related to the nutrient solution; 25.7% to sodium
phosphate and 12.8% to potassium carbonate. Of the former, 15.3%
were connected to landfilling phosphoric acid treatment residue.
39.5% related to H2 production caused by windmill production; of
these impacts, 13.0% were linked to steel and 13.3% to copper.

Hydro: 45.6% was connected to H2 production linked to
windmills; copper and steel were the main contributors to these
impacts with 16.1% and 15.8%. The nutrient solution was the
second largest contributor with 40.9%; 11.5% stemmed from
potassium carbonate and 23.2% from sodium phosphate. 14% of
the latter stream was caused by landfilling phosphoric acid
purification residue.
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Geo: Electricity production through geothermal power made up
52.3%, almost exclusively related to deep-well drilling, of which
steel production accounted for 38.0%. Further upstream, 39.5% of
impacts associated with geothermal power were caused by H2
production. The nutrient solution caused 36.8%, with 21.0% linked
to sodium phosphate; this stream was mainly related to phosphoric
acid production, with 12.4% stemming from landfilling phosphoric
acid treatment residue.

ILCD 2.0 2018 midpoint, ecosystem quality, marine
eutrophication
product 2050Bio 2050Hydro | 2050Geo
Total 1.00E+00 1.00E+00 1.00E+00
Rest 1.97E-01 7.24E-01 1.87E+00
electricity, high voltage 8.03E-01 7.46E-01 4.48E-01
wastewater, average -4.70E-01 -1.32E+00

Bio: 51.8% came from CO2 production and 32.1% from electricity
production for all foreground processes except H2 generation.
Downstream these two flows contributed 72.0% towards the heat
and power co-generation process and 12.7% towards wood chips.
The positive impact of wastewater treatment was 34.5%. The
nutrient solution and H2 production contributed 16.6% and 15.0%.

Hydro: 62.0% came from the heat and power co-generation
process, almost exclusively related to CO2 production. 27.9%
related to the production of H2 stemming from windmill
production. The nutrient solution pertained 24.1%, 10.4% from
sodium phosphate and 8.6% from potassium carbonate. The
positive impact of wastewater treatment was 49.1%.

Geo: Wastewater treatment had a positive impact of 142.5%.
Deep-well drilling for geothermal power, related to electricity
generation, held 120%, with 78.5% related to steel production.
84.9% of impacts caused by electricity generation were connected
to H2 generation and 29.1% to all other foreground processes. The
nutrient solution added 70.1%, generated through sodium
phosphate and potassium carbonate with 30.0% and 24.7%.
Phosphoric acid production contributed 22.7% to the former.
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ILCD 2.0 2018 midpoint,
eutrophication

ecosystem quality, terrestrial

product 2050Bio 2050Hydro | 2050Geo
Total 1.00E+00 1.00E+00 1.00E+00
Rest 2.61E-01 3.45E-01 4.22E-01
electricity, high voltage 7.39E-01 6.55E-01 2.20E-01
blasting 1.05E-01
transport, freight, sea, bulk carrier for

dry goods 8.41E-02
clinker 5.76E-02
transport, freight train 5.77E-02
diesel burned in building machine 5.39E-02

Bio: 80.3% related to wood combustion, with 69.0% linked to the
heat and power co-generation process; upstream, these impacts
were caused by CO2 and electricity use for all foreground
processes except H2 production, with 45.2% and 27.4%
contributions. 10.9% and 7.9% were related to the nutrient solution
and the carbon capture infrastructure.

Hydro: heat and power co-generation caused 58.0% of impacts,
almost exclusively related to CO2 production. H2 generation
contributed 14.3% linked to windmill production. The nutrient
solution was 15.5%, with 7.1% related to sodium phosphate
production.

Geo: 55.6% of impacts were linked to deep-well drilling for
geothermal power, with 35.5% associated with steel production.
Upstream, 39.8% and 13.7% of these impacts were caused by
electricity generation for H2 production and the other foreground
processes. The nutrient solution was 37.6%, with sodium
phosphate and potassium carbonate making up 17.1% and 11.4%.
10.6% of the former was related to phosphoric acid production and
5.6% to soda ash production.

ILCD 2.0 2018 midpoint, human health, carcinogenic effects

product 2050Bio 2050Hydro 2050Geo
Total 1.00E+00 1.00E+00 1.00E+00
Rest 1.40E-01 1.18E-01 7.06E-02
ferrochromium, high-carbon, 68% Cr 2.78E-01 3.12E-01 9.98E-02

Bio: 52.9% of impacts stemmed from H2 production, almost
exclusively related to steel production for windmills. 30.6% related
to the nutrient solution, with 24.0% arising from sodium phosphate
production; this share was almost solely associated with landfilling
phosphoric acid purification residue.

Hydro: Like Bio, 59.6% were related to H2 production, stemming
from steel production for windmills. 26.8% came from the nutrient
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slag, unalloyed electric arc furnace

steel 2.58E-01 2.82E-01 2.54E-01
H3PO4 purification residue 2.09E-01 1.75E-01 1.65E-01
wood ash mixture, pure 6.15E-02

basic oxygen furnace waste 5.31E-02 5.79E-02 1.31E-01
sludge from steel rolling 5.60E-02 5.62E-02
drilling waste 2.24E-01

solution, with 17.0% associated with landfilling phosphoric acid
purification residue.

Geo: 46.9% and 17.3% of impacts related to H2 production and
electricity use for all foreground processes except for H2
generation. These two streams were the main contributors to
geothermal power production, which caused 73.3%; 19.0% of this
amount came from landfilling drilling waste and 49.3% from steel
production. The nutrient solution comprised 24.5% of impacts,
with 16.0% connected to landfilling phosphoric acid purification
residue.

ILCD 2.0 2018 midpoint, human health, ionising radiation

product 2050Bio 2050Hydro 2050Geo
Total 1.00E+00 1.00E+00 1.00E+00
Rest 4.09E-02 4.08E-02 3.98E-02
tailing from uranium milling 5.07E-01 5.29E-01 5.58E-01
low-level radioactive waste 2.32E-01 1.99E-01 1.56E-01
electricity, high voltage 1.16E-01 1.21E-01 1.30E-01
spent nuclear fuel 1.04E-01 1.09E-01 1.16E-01

Bio: H2 use caused 39.0%, with 22.0% connected to Nitrogen
production. The rest of the impacts caused by H2 were linked to
energy production through wind turbines, with no further
specification. 37.3% had derived from the nutrient solution,
consisting of 5.7% magnesium sulphate, 12.4% sodium phosphate,
and 16.8% potassium carbonate. 10.4% arose from the production
of CO2.

Hydro: 43.4% came from H2 production. 36.6% derived from the
nutrient solution, made up of 5.5% magnesium sulphate, 12.0%
sodium phosphate, and 16.3% potassium carbonate. 9.3% were
connected to the production of CO2.

Geo: 45.7% were caused by H2 use, with 19.8% related to nitrogen
production. The rest of the impacts from H2 could be traced back
to geothermal electricity production, which made up 40.0%;
Electricity needed for all other foreground processes made up
9.5%. Of the effects on geothermal power production, 20.1% were
linked to steel production for deep-well drilling and 9.2% to deep-
well simulation. 34.4% stemmed from the nutrient solution,
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consisting of 5.1% magnesium sulphate, 11.1% sodium phosphate,
and 15.1% potassium carbonate.

ILCD 2.0 2018 midpoint, human health, non-carcinogenic

effects
product 2050Bio 2050Hydro | 2050Geo
Total 1.00E+00 1.00E+00 1.00E+00
Rest 1.57E-01 3.07E-01 5.30E-01
wood ash mixture, pure 6.40E-01 5.48E-01
electricity, high voltage 2.03E-01 1.77E-01
steel, low-alloyed 8.03E-02 3.01E-01
copper
drilling waste 3.01E-01
wastewater, average -1.12E-01 -3.54E-01
zinc monosulfate 1.25E-01
H3PO4 purification residue 9.68E-02

Bio: 20.0% related to the heat and power co-generation process,
and 64.0% to landfilling the wood ash mixture; these impacts were
mainly linked to CO2 use and electricity use for all foreground
processes except H2, with 48.0% and 29.5% contributions. 10.9%
were related to the production of H2 and 9.3% to the nutrient
solution.

Hydro: CO2 contributed 62.4%, and heat for LP steam 11.2%;
these flows were the main contributors towards heat generation and
landfilling of wood ash mixture, with 17.0% and 54.8%
contributions. 20.7% related to the H2 production and 13.7% to the
nutrient solution. The treatment of wastewater had a positive
contribution of 11.8%.

Geo: 87.6% related to deep-well drilling for geothermal power,
26.0% linked to landfarming drilling waste and 47.5% to steel
production. 56.3% of the burdens associated with deep-well drilling
were caused by H2 production and 20.2% by the electricity demand
for all other foreground processes. The nutrient solution contributed
43.5%; 25.1% through sodium phosphate, while potassium
carbonate and zink monosulfate had equal contributions of 6.3%.
Wastewater treatment has a positive impact of 37.5%, while CO2
made up 8,0%.

ILCD 2.0 2018 midpoint, human health, ozone layer depletion

product 2050Bio 2050Hydro 2050Geo
Total 1.00E+00 1.00E+00 1.00E+00
Rest 2.19E-01 2.62E-01 1.85E-01

Bio: 53.2% linked to heat and power co-generation, 30.0% through
wood chips, and 22.1% through the Rankine cycle. The main
contributors to these impacts were CO2 production, with 31.7%,
and electricity production, except for H2 generation, with 20.1%.
H2 use was responsible for 19.4%, 12.7% related to windmills. The
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petroleum 5.03E-01 5.00E-01 4.80E-01
refrigerant R134a 2.05E-01 1.47E-01

transport, pipeline, long-distance, natu-

ral gas 7.18E-02 9.12E-02 1.29E-01
coke 8.12E-02
natural gas, high pressure 6.28E-02
trichloromethane

sodium hydroxide, without water, in

50% solution state 6.22E-02

nutrient solution contributed 20.3%, with sodium phosphate
contributing 9.4% and potassium carbonate contributing 7.8%.

Hydro: 38,0% linked to the heat and power co-generation process;
of these impacts, 15.8% related to the organic Rankine cycle, and
21.5% to wood chips. CO2, with a 34.5% contribution, was the
leading cause of these burdens. H2 generation made up 27.9% of
impacts, of which 20.4% came from wind turbine production.
24.4% stemmed from the nutrient solution, with sodium phosphate
contributing 11.1% and potassium carbonate contributing 9.3%.

Geo: 43.6% related to electricity for H2 production and 12.1% to
the electricity needed for all other foreground processes. Almost all
of these impacts tracked back to deep-well drilling, contributing
51.0%, with 32.1% caused by steel production and 5.8% by
portland cement. 31.6% of total effects originated from the nutrient
solution, with sodium phosphate contributing 14.1% and potassium
carbonate contributing 11.8%.

ILCD 2.0 2018 midpoint, human health, photochemical ozone

creation

product 2050Bio 2050Hydro 2050Geo
Total 1.00E+00 1.00E+00 1.00E+00
Rest 3.74E-01 5.20E-01 4,72E-01
electricity, high voltage 5.71E-01 4.80E-01 1.75E-01
power sawing, without catalytic con-

verter 5.47E-02
coke 1.62E-01
sinter, iron 7.56E-02

Bio: 51.0% were caused by the heat and power co-generation
process, and 15.7% by the production of wood chips. Of this total
contribution, 39.0% were caused by CO2, 7.1% by heat, and 30.7%
by electricity for all foreground processes, except for H2
generation. 13.7% came from H2 creation, which was related to
windmill production. 14.0% stemmed from the nutrient solution, of
which sodium phosphate contributed 6.5%.

Hydro: 46.1% came from CO2 and 8.3% from heat for LP steam.
These impacts were almost exclusively related to the heat and
power co-generation process and the production of wood chips,
with contributions of 39,0% and 12.0%. 23.1% arose from H2,
mainly caused by the production of windmills. The nutrient

77




transport, freight, sea, bulk carrier for
dry goods 6.13E-02

blasting 5.42E-02

solution comprised 18.2%, with sodium phosphate and potassium
carbonate contributing 8.3% and 6.0%.

Geo: 44.8% were connected to electricity generation for H2
production and 16.2% to the electricity needed for all other
foreground processes. Almost all these impacts came from deep-
well drilling. 48.1% of the effects of deep-well drilling came from
steel production and 5.2% from portland cement. 28.5% stemmed
from the nutrient solution with sodium phosphate and potassium
carbonate making up 12.7% and 9.2%. The contribution of CO2
was 6.3%.

ILCD 2.0 2018 midpoint, human health, respiratory effects,
inorganics

product 2050Bio 2050Hydro 2050Geo
Total 1.00E+00 1.00E+00 1.00E+00
Rest 2.97E-01 3.99E-01 4.62E-01
electricity, high voltage 5.69E-01 4.31E-01

heat, district or industrial, other than
natural gas 6.72E-02 7.62E-02 7.58E-02

electricity, high voltage, for internal use

in coal mining 6.70E-02 9.40E-02 2.30E-01
diesel burned in building machine

sinter, iron 1.52E-01
sulfuric acid 7.96E-02

Bio: 36.8% came from CO2 and 23.5% from electricity for all
foreground processes, except H2 production, while 6.6% related to
heat for LP steam. These impacts came from the heat and power
co-generation process and wood chips production, with 55.0% and
6.5% contributions. H2 production contributed 15.4%, stemming
from windmills. The nutrient solution encompassed 18.1%, with
sodium phosphate contributing 9.7%.

Hydro: 41.3% came from CO2 and 7.5% from heat for LP steam,
mainly stemming from the heat and power co-generation process.
25.1% come from H2 production, originating from windmills.
22.6% were linked to the nutrient solution, of which sodium
phosphate contributed 11.8%, and potassium carbonate contributed
5.4%.

Geo: 39.7% were related to electricity generation for H2
production and 14.3% for electricity generation needed for all other
foreground processes. These impacts mainly came from deep-well
drilling, with 49.7% originating from steel production. The nutrient

78




solution caused 37.1%, with sodium phosphate and potassium
carbonate contributing 19.5% and 8.8%. The contribution of CO2
was 5.9%.

ILCD 2.0 2018 midpoint, resources, dissipated water

Bio: 67.8% was related to the nutrient solution. Sodium phosphate
and potassium carbonate contributed 59.2% and 5.2%. Of the

product 2050Bio 2050Hydro | 2050Geo former, 34.9% came from phosphor fertiliser. H2 generation made

Total 1.00E4+00 | 1.00E+00 1.00E+00 up 27.4%, mainly related to wind-mill production. 13.2% came

Rest 41101 - 88E-02 187601 from CO2 caused by the heat and power co—gene.ratlon process,

. while wastewater treatment had a positive contribution of 23.1%.

electricity, high voltage 2.87E-01 9.21E-01 8.13E-01

wastewater, average -2.19E-01 Hydro: electricity generation for all foreground processes, except

sulfuric acid 1.79E-01 for H2 generation, contributed 89.8%, caused by non-alpine hydro

phosphoric acid, fertiliser grade, with- reservoirs. The nutrient solution contributed 7.2%, mainly through

out water, in 70% solution state 1.72E-01 sodium phosphate.

phosphoric acid, industrial grade, with-

out water, in 85% solution state 1.71E-01 Geo: electricity generation was the driving factor of water use, with
53.0% related to H2 production and 18.9% to all other foreground
processes. These impacts were caused by non-alpine hydro
reservoirs needed for deep-well drilling. The nutrient solution made
up 19.9%, mostly stemming from sodium phosphate.

ILCD 2.02018 midpoint, resources, fossils Bio: the nutrient solution was the most substantial contributor with

36.6%, the impacts stemming from sodium phosphate and

product 2050Bio 2050Hydro | 2050Geo potassium carbonate with 14.0% and 16.3% contributions. H2

Total 100E400 | 1.00E400 | 1.00E+00 generation made up 33.7% originating from wind-mill production,

Rest 16601 | 159601 | 1.72E-01 whereas electricity generation for all other foregrgund processes
made up 11.8%. CO2 accounted for 14.2% of total impacts.

petroleum 2.63E-01 2.12E-01 1.43E-01

hard coal 2.68E-01 2.976:01 | 4.12E-01 Hydro: 41.7% stemmed from H2 generation, linked to wind-mill

natural gas, high pressure 1.36E-01 | 140801 | 1.42E-01 production. Electricity for all other foreground processes made up
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nylon 6-6, glass-filled 5.77E-02 7.52E-02 6.7. The nutrient solution encompassed 36.0%, caused by sodium

hard coal, run-of-mine 5.97E-02 6.45E-02 7.83E-02 phosphate and potassium carbonate with 13.5% and 15.8%. CO2

uranium ore, as U 5.076-02 | 527602 | 5.33E-02 accounted for 12.5% of total impacts.
Geo: of the total fossil resource use, 55.0% were related to deep-
well drilling for geothermal power, most originating from steel
production. H2 generation, with 42.3%, was the main contributor
to these impacts. Electricity generation for all other foreground
processes made up 13.6%. The nutrient solution led to 32.4%, with
sodium phosphate and potassium carbonate making up 12.0% and
14.0%. CO2 accounted for 5.4% of total impacts.

ILCD 2.0 2018 midpoint, resources, land use Bio: 54% related to CO2 production, 31.8% to electricity

generation and 9.7% to heat generation; almost all the land

product 2050Bio 2050Hydro | 2050Geo occupation stemmed from the production of wood chips, which
comprised 92.5%.

Total 1.00E+00 | 1.00E+00 1.00E+00

Rest 3.24E-02 >.90E-02 3.02E-01 Hydro: 79.9% of total impacts were related to CO2 production and
14.4% to heat generation. These impacts were almost exclusively

wood chips, wet, measured as dry mass | 9.68E-01 9.41E-01 1.04E-01 traced back to the production of wood chips, responsible for 89.9%

phosphoric acid, fertiliser grade, with- of all LU.

out water, in 70% solution state 3.63E-01

geothermal power plant, 5.5MWel 8.08E-02 Geo: the nutrient solution encompassed 60.0% of overall land

sawlog and veneer log, softwood, meas- requirements; 49.2% originated from sodium phosphate and 7.5%

ured as solid wood under bark 8.92E-02 from potassium carbonate.

road 6.14E-02

ILCD 2.0 2018 midpoint, resources, minerals and metals

product 2050Bio 2050Hydro 2050Geo
Total 1.00E+00 1.00E+00 1.00E+00
Rest 1.39E-01 1.54E-01 9.69E-02

Bio: The nutrient solution caused 76.8% of the total depletion of
minerals and metals, with sodium phosphate, cobalt, and potassium
carbonate making up 59.7%, 8.1%, and 6.6%, respectively. H2
production was responsible for 14.3% of the total use.
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zinc concentrate 6.04E-01 5.94E-01 6.83E-01
lead concentrate 1.45E-01 1.33E-01 1.38E-01
lime 1.12E-01 1.19E-01 8.27E-02

chromite ore concentrate

Hydro: The nutrient solution comprised 74.6% of overall mineral
and metal use; 57.7% of this flow originated from sodium
phosphate, 7.8% from cobalt, and 6.4% from potassium carbonate.
H2 production made up 18.5%.

Geo: The nutrient solution utilized 68.3% of minerals and metals;
52.9% originated from sodium phosphate, 7.2% from cobalt and
5.8% from potassium carbonate. H2 production made up 15.6% and
CO2 8.4%.
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6.4.2.2 Contribution analysis for SBM and discussion on future development

Climate change: for SBM BR, 48% of impacts on climate change were traced back to the clear-
cutting of primary forests; a further 16% were linked to LUC. For soybean production from the
rest of the world, almost 60% were directly related to soybean production, which could not be
further specified. Nearly 25% were caused through LUC, mainly associated with the clear-
cutting of secondary forests.

Neither the direct impacts on climate change through soybean production nor the indirect impacts
on LUC are expected to decline over the coming decades. Even if clear-cutting from primary and
secondary forests were decreased, this would still lead to forgone carbon sequestration, meaning
that on the land where soybeans are planted, the amount of carbon that could be sequestered by
a tree instead needs to be considered. ‘“Natural regeneration” should be seen as the baseline upon
which LUC is evaluated, even if the land is currently not in use (Koponen & Soimakallio, 2015).
Such an approach is mainly neglected in agro-LCA studies (Koponen & Soimakallio, 2015).

Therefore, it is concluded that impacts on climate change caused by SBM production will not be
significantly reduced until 2050. Thus, the advantages of MP over SBM are not expected to
alternate for climate change.

Fresh water and terrestrial acidification: impacts were very dispersed over numerous
processes. The most relevant single contributor was clear-cutting of forests, with 20%
implications from primary forests in Brazil and roughly 13% from secondary forests from the
rest of the world. The next most considerable contribution was soybean production, reaching 6-
8% for the two production locations. For soybean production for the rest of the world, transport
made up about 7%.

As impacts are very dispersed, it was harder to predict to what extent future changes to the
background system will impact the results of soybean production regarding acidification.
Regardless, no substantial improvements can be expected for the most prominent contributors,
namely clear-cutting of forests and soybean production, as methods for the latter are well
established. Given that pH levels increase significantly after clear-cutting (Nykvist & Rosén,
1985), a similar approach as “natural regeneration” should be taken for impacts on acidification.
Therefore, effects caused by clear-cutting are not expected to decrease over time if allocated
appropriately.

Thus, no significant changes can be anticipated for SBM production until 2050 for acidification.
Results of the comparative analysis in 2050 are therefore unlikely to change.

Freshwater ecotoxicity: as the impacts were more extensive than those of the MP production
systems by a factor of three, it was assumed that a reduction to make SBM production compatible
seemed unrealistic. A CA was therefore neglected.

Freshwater eutrophication: here, most impacts were related to SBM production.
Unfortunately, no further information could be retrieved through the Sankey function about the
origin of these impacts. Due to these constraints, a more detailed CA was not possible.

Marine eutrophication: as impacts of SBM for RoW and BR were several orders of magnitude
higher than all other reference flows, a CA would not have affected the results of the comparative
analysis.

Terrestrial eutrophication: most impacts were directly linked to SBM production and 7.7% to
transport. 40.0% of the former came from clear-cutting primary forest to arable land; the rest of
the impacts could not be identified. As the effects of clear-cutting regarding terrestrial
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eutrophication are permanent due to issues related to nutrient run-off, an improvement in this
IC can not be expected in this respect. As far as this analysis was conducted, no changes to the
comparative study regarding the future SBM product systems are likely.

Carcinogenic effects: as impacts of SBM were 4-7 times lower than those of the MP product
systems, a further analysis was unnecessary as this would not change the results of the
comparative analysis.

Ionising radiation: the impacts of the incumbents were almost half compared to all other
reference flows, even at fully developed MPL. A further CA for SBM, therefore, was redundant.

Ozone layer depletion: 18.9% of impacts were related to diesel production for transport. The
only other single contributor above 5.0% was pesticide production with 19.1%. No evidence
could be retrieved to state if the impacts of pesticides on ozone layer depletion were likely to
increase or decrease over time. In summary, it is assumed that even slightly decreased effects
would probably not change the results of the CA significantly.

Photochemical ozone creation: similarly to terrestrial eutrophication, around 50.0% were
directly related to clear-cutting primary forest to arable land. As the effects of clear-cutting are
permanent, an improvement in the impacts can not be expected in this respect. Based on this
assessment, a considerable future reduction in results can not be expected.

Respiratory effects inorganics: 27.0% stemmed from clear-cutting primary forests for arable
land. 6.5% was derived from phosphorus fertiliser. As a major increase in recycled phosphate
can be expected in the coming decades, with the EU’s incentive that expects all phosphate from
municipal sewage sludge to be recycled until 2030, these impacts are expected to decrease over
time.

8.4% are related to diesel. Further, 11.4% pertained to transport, assumed to originate from non-
renewable transportation fuel. A decrease in emissions can be expected, yet this would hardly
affect the comparative analysis, as the results of SBM were already better than all other MP
reference flows, even Geo 2050, which was almost at par with SBM BR.

Dissipated water: the main contributors were SBM production and sulphuric acid production.
No indication was found suggesting that water use for these processes would change over time.
Therefore, improvements in water use for SBM production by 2050 seemed negligible.

Resources, fossil: 40% of impacts were related to petroleum, likely stemming from
transportation and machinery, even though this could not be further validated. Therefore, these
impacts will likely further reduce over time as renewable energy sources will increasingly power
these sectors. Still, this will not impact the comparative analysis as the advantage over the MP
product systems is already unreachable even at a fully developed MPL of 50-100.

Land use: as almost all impacts on LU are directly related to soybean plantation, results will
likely not change significantly over time. They will, therefore, not skew the outcome of the
comparative analysis.

Minerals and Metals: 41% of impacts can be traced back to zinc mine operations used for lime
production, which is a prominent input for soybean production. Besides the effects caused by
lime production, 27% of overall impacts are related to phosphate fertiliser, 21% of which were
linked to primary zinc production and 7% to primary lead production.

There are ongoing efforts to recycle zinc and lead through melting point recycling. However, no
evidence could be found to what extent this will influence future market developments. As more
phosphate recycling can be expected, impacts on minerals and metals will likely decrease over
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time for SBM production, further increasing the advantage over the assessed MP product
systems.

Based on the above CA for SBM, slight improvements can be expected for some ICs. Regardless,
significant changes to the results of the comparative analysis based on a future SBM product
system cannot be anticipated overall.

6.4.3 Sensitivity analysis

Besides the CA, a SA was performed to test hypotheses regarding the multifunctional process
and the system boundary. The presumably most sensitive parameters are only relevant for Bio
and Hydro, as Geo is not influenced by intermittent energy supply or CO2 price fluctuations.
The latter was thus left out of the SA for the most part. The below results of the tested parameters
are relative to Bio and Hydro in 2050.

The scenario analysis performed in phases two and four included SA to a certain degree; never-
theless, testing the sensitivity regarding assumptions made for the only multifunctional process
had been neglected so far. Thus, research was performed to validate the impact the CO2 price
would have on the MP product system’s overall environmental performance and the model’s
robustness. As the BCHP process is producing electricity, heat, and CO2, the capturing price of
the latter was assumed to have a substantial impact on the total results, especially given the high
energy demand of this product system, as previous studies have highlighted (Sillman et al.
2020); (Jarvid et al., 2021). The default CO2 capturing price for all previous scenarios was
120€/t. During the SA (table 8), a CO2 price of 25€ and 280€ was tested per ton caught, in line
with the highest and lowest estimations found in the literature, as discussed in section 4.2.4. All
calculations regarding the economic allocation factors were documented in appendix 1.

As displayed in table 8, the CO2 capturing price largely impacted the overall performance of the
MP product system in three out of four cases. Due to a lower price, there was an impact increase
for all ICs for Bio. On average, impacts increased by approximately 30%. A decreased CO2
capturing price for Hydro lowered emissions by roughly 7% on average across all ICs. On the
other hand, a higher capturing price reduced impacts for Bio by roughly 15% on average, while
this change barely affected Hydro’s performance.

Besides the CO2 capturing price, the system boundary displayed a shortcoming which needed
further evaluation: it turned out that H2 and NH3 production through water electrolysis is only
cost-competitive under continuous energy supply due to high capital expenditure costs. This in-
formation was gathered through informal conversations with experts at a late stage of this study,
while these claims were verified through literature findings (Fasihi & Breyer, 2020). Regardless
of the timing of these findings, it was possible to integrate the information into the assessment
through a SA.

The results showed the sensitivity towards increased baseload electricity use instead of solely
using wind energy for H2 and NH3 production. Increasing the share over intermittent supply led
to a sharp increase in results for Bio by an average of approximately 65% across all ICs. LU
increased by almost 150%, while results of numerous other ICs rose by over 100%. Only car-
cinogenic effects and mineral and metal use decreased, yet minimally compared to other ICs.
For Hydro, a shift towards more baseload electricity production decreased all emissions, apart
from climate change and water use, which increased by approximately 50% and 250%, respec-
tively. When exchanging hydropower through non-alpine reservoirs with electricity through
river run-off, the same reductions for all ICs were observed, except for the increase in climate
change and water use. In these two ICs, results decreased by roughly 35% and 92%, respectively,
relative to Hydro 2050. This stark contrast can be explained as biogenic CH4 emissions are only
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assigned in the case of hydro reservoirs (see section 5.1.4). At the same time, the water from the
river mainly stays within the environmental system boundary.

In addition to the tested parameters in table 8, the SA evaluated the potential impact reduction
of using O2 left over from the MP production process. Assuming 99% nutrient utilisation and a
large-scale on-site green NH3 production facility, approximately 1.6kg O2 could be produced
per kg MP (see appendix 1). This presumes all O2 left over from the fermentation and electrolysis
can be utilised. The average market price of compressed O2 at 200 bar is 2.8€/kg, based on public
tenders prices from 2014-2018 of 1.4-4.2€/kg (Nicita et al., 2020). Thus 1.6*2.8 = 4.48€ could
be gained per kg MP from utilising the leftover O2. At a current MP production price of 5.3-
9.1€/kg MP or above (Nappa et al., 2020), the average cost is assumed to be at least 7.2€/kg.
Based on economic allocation, this would offset 30-40% of MP’s emissions, regardless of the
type of baseload energy, while the technology is still developing. If the MP price is as low as
2.1€/kg, which is only possible under optimal conditions (Nappa et al., 2020), thus at a high MPL
as discussed in section 3.5, this will decrease emissions by 60-65%. However, as previously
mentioned, such a low production cost would only be possible if green H2 prices were reduced
substantially.

The SA’s results showed the sensitivity towards all tested parameters. In the case of Bio, there
is a trade-off between economic and ecological benefits. As MP’s production costs decreased
due to cheap CO2 capturing prices and continuous H2 generation, thus lowered capital expendi-
ture costs, results increased considerably. With a higher capturing price, results across all ICs
reduced, yet much less. For Hydro, economic and environmental benefits were aligned, yet only
if non-alpine hydro reservoirs were replaced by run-off-river electricity production. Otherwise,
results for climate change and water use increased, for the latter disproportionally. While a lower
CO2 capturing price also reduced Hydro’s emissions, it barely affected the results. Including O2
as a by-product would make MP more cost-competitive to SBM while lowering externalities
noticeably. Under optimised system parameters, production costs might match those of SBM in
such a case.
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Table 8. Relative characterisation results of SA based on different CO2 prices, relative to Bio and Hydro 2050

Bio; CO2 Bio; CO2 Bio; CO2 | Bio; H2 Hydro; Hydro; Hydro; Hydro; Hydro: Hydro;
price: price: price: through CO2 price: | CO2 price: | CO2 price: H2: non- run-off- H2: run-
Impact category/scenario 120€/t 25€/t 280€/t CHP & 120€/t 25€/t 280€/t alpine res- river off- river
wind ervoir & & wind
wind
climate change total 100.0% 118.3% 91.6% 127.2% 100.0% 97.9% 100.3% 144.1% 79.4% 65.3%
freshwater and terrestrial acidification 100.0% 141.1% 81.2% 192.7% 100.0% 91.3% 101.4% 91.5% 99.8% 90.5%
freshwater ecotoxicity 100.0% 123.4% 89.3% 128.4% 100.0% 96.7% 100.5% 65.7% 100.1% 65.9%
freshwater eutrophication 100.0% 111.6% 94.7% 109.4% 100.0% 98.4% 100.3% 79.8% 99.6% 78.2%
marine eutrophication 100.0% 156.0% 74.4% 227.6% 100.0% 84.9% 102.5% 88.5% 99.7% 87.5%
terrestrial eutrophication 100.0% 152.0% 76.2% 221.0% 100.0% 86.4% 102.2% 94.8% 99.8% 94.2%
carcinogenic effects 100.0% 107.7% 96.5% 75.9% 100.0% 99.1% 100.1% 58.0% 100.1% 58.6%
ionising radiation 100.0% 123.3% 89.3% 142.7% 100.0% 96.4% 100.6% 91.3% 98.4% 85.1%
non-carcinogenic effects 100.0% 157.6% 73.7% 234.5% 100.0% 83.0% 102.8% 91.8% 99.9% 91.4%
ozone layer depletion 100.0% 135.2% 83.9% 177.7% 100.0% 93.3% 101.1% 93.3% 99.6% 91.9%
photochemical ozone creation 100.0% 146.6% 78.7% 205.5% 100.0% 89.3% 101.7% 91.4% 99.7% 90.2%
respiratory effects, inorganics 100.0% 144.9% 79.5% 200.5% 100.0% 90.1% 101.6% 90.4% 99.7% 89.2%
dissipated water 100.0% 121.6% 90.1% 138.7% 100.0% 99.7% 100.1% 355.1% 9.4% 7.7%
fossils 100.0% 118.3% 91.6% 126.2% 100.0% 97.4% 100.4% 81.3% 99.5% 79.2%
land use 100.0% 159.6% 72.7% 241.3% 100.0% 81.0% 103.1% 96.2% 100.0% 96.3%
minerals and metals 100.0% 102.1% 99.0% 93.6% 100.0% 99.7% 100.0% 85.9% 99.9% 85.6%
average change across all ICs 100% 132.5% 85.1% 165.2% 100% 92.8% 101.2% 106.2% 92.8% 78.5%

Noticeable improvement
Minor change
Noticeable decline
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7 Discussion
7.1 Limitations of the study

This section reflects upon the study’s shortcomings and evaluates what impact these limitations
might have on the overall results.

LCA is limited to assessing particular ICs, while some environmental externalities are not quan-
tified. Issues related to biodiversity were thus not considered. As biomass plantation and hydro
reservoirs affect biodiversity issues, as discussed in previous sections, this thesis is limited in
this way. Besides limitations of the LCA method, the out-of-date background data sources and
incomplete CFs posed further restrictions to the validity of the overall analysis. These missing
CFs limit the assessment of toxicity-related ICs, which applies to the emerging and incumbent
technology. One could thus argue that this incompleteness might have a limited effect on the
comparative analysis, as these shortcomings apply to both systems. In addition to known limita-
tions, there remain “unknown unknowns” regarding novel impacts yet to be discovered. No ev-
idence was found to indicate which unknown CFs or ICs might become relevant to the two prod-
uct systems in the future.

Besides the methodology’s limitations, more accuracy of the results could have been achieved
by including specific cut-offs, which would take more time and access to first-hand data. One
could, for example, expand the analysis to include the recycling of water used for the fermenta-
tion process. However, this would have limited influence on the current results, as the direct
water input was not identified as a hotspot for any MP product system. Indeed, when comparing
the impacts of the product systems’ water use, which was between 500-4500kg, to the direct
water input into the fermentation process, which is 15.5kg/kg MP produced, it is apparent that
the latter has a minimal contribution. Besides, the overall water demand for MP increased when
water was recycled on-site due to additional electricity demand for the recycling (Jarvio et al.
2021). In the same publication (Jarvio et al., 2021), the water effluent treatment was modelled
according to nutrient utilisation. This approach was neglected in this study due to time con-
straints. Evaluating how this inclusion would have changed the comparative results was not pos-
sible.

Specific choices were made regarding the inclusion of some parameters over others. This prior-
itisation was necessary to confine the number of possible scenarios. Priority was given to param-
eters expected to impact the overall performance significantly. AEL was thus used, neglecting
differences that may occur compared to PEM. As elaborated in section 4.1.3.1, using PEM would
slightly worsen the total results of the MP reference flow. For Hydro and Geo 2050, the results
of the comparative analysis would likely not be affected by this change. For Bio 2050, this shift
in results might lead to SBM showing an overall advantage. Furthermore, a BCHP unit was used
with a 6.67MW capacity. This moderate unit produces heat as the main product and electricity
as a by-product while using wood chips. More accuracy of the results regarding Bio could have
been achieved, for example, if other production methods varying in size or material input had
been considered.

Including further cut-offs such as facilities, process equipment, and their end-of-life treatment
would burden the MP reference flows more. As the overall results for Hydro and Bio in 2050
align closely with those of SBM, such inclusion might make the incumbent more competitive.
Nonetheless, further analysis would be needed to determine the impacts on the results caused by
these changes. On the other hand, E-TAC is expected to reduce material efficiencies compared
to the AEL water splitting method. However, none of the electrolyser’s materials were identified
as hotspots during the CA. Thus, material efficiency gains related to E-TAC would unlikely im-
pact the comparative results. Apart from cut-offs performed for the emerging technology, the
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future energy mix was not included for either of the two product systems. Had this been included,
it might have changed the comparative results given their close alignment. However, to confirm
this statement, further research is required.

7.2 Validity and assumptions

Besides limitations caused by lacking data, it is essential to reflect upon assumptions made in
the study to validate specific modelling choices. This validation is discussed in the following
section.

As the number of scenarios had to be confined, the second phase only evaluated bioenergy as a
baseload solution. This confinement posed a challenge when assessing the viability of some
technological parameters like DAC. Indeed, there seems to be a trade-off between water and LU
connected to the source of CO2 production. The main contribution towards LU for both Bio and
Hydro was related to CO2 from PCC. However, using DAC instead of PCC for Hydro would
increase electricity, increasing water use even more. In the case of Bio, using DAC instead of
PCC would assign more emissions to the CHP process and would thus drive up the results for
all ICs.

Meanwhile, using PCC instead of DAC would increase LU for Geo while decreasing water use.
Given the high impacts compared to SBM for the latter, this seems a favourable solution.
However, given Iceland’s shortage of available CO2, the feasibility of such a solution appears
questionable. Using DAC instead of PCC is thus not recommended for Hydro and Bio, while for
Geo, the opposite is true.

During the second phase and the SA conducted in the fourth phase, it became apparent how
sensitive the results were based on the tested parameters. Given the close alignment between the
emerging technology and the incumbent one, any change in these parameters would thus affect
the comparative results. The difference in wind turbines’ size, the source of CO2, the CO2
capturing price, and the share of baseload energy considerably affected the overall performance,
yet only for Bio and Hydro. Changes to the heat source, the price of MP production, and the
reuse of O2 influenced all MP reference flows. If 3MW wind turbines were used instead of IMW
ones, SBM would likely outperform Bio and Hydro in 2050. However, it is questionable if
miniature windmills generally perform better than larger ones ecologically speaking. Besides the
size, the environmental performance might also be influenced by the windmills’ type and model.
The amount of insight MP companies have on the ecological impacts of windmills is
questionable. This lack of control over some tested parameters poses a challenge to evolving
companies in the field, which calls for careful evaluation of each individual project.

If H2 and NH3 were to be produced through both baseload and wind energy, as they should from
an economic point of view, changes based on the type of windmills would be less substantial.
Regardless, such an energy mix would lead to a clear disadvantage for Bio 2050 compared to
SBM. For Hydro, the decreased emissions would not be enough to show a clear total advantage
over SBM in 2050, even if river-run-off is used instead of non-alpine reservoirs. Nevertheless,
using river-run-off instead would reduce the water use to 0.32m3/kg MP produced, bringing it
down to the same magnitude as that of SBM, which is approximately 0.2m3 per 1.3kg produced.

A lower CO2 price would decrease production costs; however, this would also increase the
environmental impacts in the case of Bio. Given a capturing price of 25€/t CO2, or lower, would
lead to SBM’s overall advantage over Bio in 2050. This advantage can be explained as the
inclusive impacts of eutrophication would exceed those of the incumbents. Additionally, the
advantage over SBM in LU would vanish in this case. On the other hand, an increased capturing
price would reduce Bio’s impacts yet drive MP’s costs. Despite considering this impact
reduction, no overall advantage of Bio over SBM appears in 2050. This is true, as results related
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to acidification, water use, respiratory effects, photochemical ozone creation, fossil use, and
minerals and metal use remained above those of the incumbents. For Hydro, the CO2 price does
not affect the comparative results.If O2 was utilised as a by-product, this could potentially reduce
Bio’s impacts in 2050 to the point where it outperforms SBM, even at a low CO2 capturing price.
Including O2 recycling, in the case of Hydro, would lead to better overall results than SBM in
2050, regardless of the capturing price. Depending on MP’s production costs, and the CO2
capturing price in Bio’s case, an overall advantage might occur for all three MP reference flows
over SBM, even at a lower MPL.

Furthermore, the electrolysis efficiency primarily dictated the environmental improvements over
30 years. In 2050, a value of 41.9kWh/kg H2 was assumed based on projections of lab-scale
experiments. Such a high voltage efficiency is out of reach for current electrolyte electrolysis
operating facilities. The comparative results thus depend on the successful implementation of E-
TAC electrolysis or other revolutionary emerging technologies in the field. If neglecting such
high efficiency, SBM would likely show an overall advantage over Bio and Hydro in 2050. For
Geo, a total advantage would become more debatable.

7.3 Links to literature
This section compares the results to other MP LCAs to evaluate the plausibility of the results.

No two LCAs are the same, yet some display similarities, while differences can spark further
discussion. However, different modelling choices, ICs, characterisation models, or category
indicators might limit the comparative assessment between the studies. Regardless, some
contrasts were drawn with two previous LCAs (Cumberlege et al., 2016); (Jarvid et al., 2021).
The results of a third previously discussed MP LCA study (Sillman et al., 2020) were not further
evaluated, as the publication was based on assumptions and calculations rather than empirical
data.

Firstly, the results were compared to the best-case scenarios of the only previous MP study based
on empirical data (Jarvio et al., 2021) to validate them. Different ICs were used in the publication
(Jarvio et al., 2021), yet some had the same category indicator as the ICs of the ILCD. Matching
category indicators were displayed in table 9 for easy comparison.

Table 9. Comparison of category indicators with previous MP LCA (Based on Jarvio et al., 2021)

Climate change | Freshwater eutrophi- | Marine eutrophica- | Water scarcity
(kg CO2-eq) cation (kg P-eq) tion (kg N-eq) (m3)
FHE 1.05E+00 2.63E-04 1.26E-05 9.70E-01
FHE - wind (FI) 1.20E+00 7.93E-04 5.13E-05 7.94E-01
Hydro 2050 6.92E-01 2.59E-04 9.27E-04 4.16E+00

FHE in the study (Jarvio et al., 2021) was short for using Finish hydro energy, while MP
production using wind energy was also assessed in Finland. The FU in the publication (Jarvio et
al., 2021) was the same as in this study. The results for Hydro were in the same order of
magnitude as FHE and FHE wind (FI) for climate change and freshwater eutrophication. For
marine eutrophication and water scarcity, on the other hand, the impacts of Hydro 2050 far
exceeded those of the reference study (Jarvio et al., 2021). For the former IC, results were
between 17-68 times higher. There are two plausible reasons for this increase. Firstly, the
upstream emissions for CO2 were accounted for in this study, which showed over 60%
contribution to marine eutrophication. Secondly, windmill production for Hydro 2050
contributed almost 30%, further increasing the results compared to FHE.
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For water scarcity, the impact of Hydro 2050 was between 4-5 times higher than the compared
values. For Hydro 2050, almost 90% were related to non-alpine hydro reservoirs for electricity
production. This electricity was exclusively needed for all MP foreground processes except H2
and NH3 production. As H2 was exclusively produced through wind energy, fewer burdens were
thus put on water use compared to FHE. The impacts for Hydro 2050 in this IC were thus
expected to decrease rather than increase compared to FHE. A conceivable reason for this
difference might be the type of hydropower used in the reference study which was not specified.
As shown in the SA, the water use could be reduced by 90% if river-run-off was used instead of
non-alpine reservoirs, which would justify these inconsistencies. Additionally, there is a
difference in water lost due to evaporation between various sources. 0.0292m3/kWh was
assigned as environmental flow in this study (Treyer, 2019); however, lower values of
0.0167m3/kWh were reported by older ecoinvent versions (Wernet et al., 2016), further
justifying the differences.

Secondly, another literature comparison was made to methanotrophic bacteria. As presented in
section 1.1, the environmental impacts of FeedKind, were 2.23kg CO2-eq, 10kg water use, and
Om?2 for LU, based on a best-case scenario per kg biomass produced (Cumberlege et al., 2016).
Compared to the three MP reference flows, the methanotroph’s impacts on climate change are
approximately double at the pilot-scale and around three-four times at high MPL. FeedKind can
thus not compete with MP in this IC. The ILCD for LU is given in points; therefore, no
comparison could be drawn. For water use, the MP impacts for the best-case scenario are
approximately 20 times as high as those of FeedKind. The latter’s results for land and water use
seem promising, though other ICs were neglected; at the same time, no insight into the modelling
choices of the study (Cumberlege et al., 2016) were found, making the comparison limited.

Besides comparing MP’s results to other studies, there are high fluctuations regarding climate
change impacts and water use depending on the soybean plantation methods. These fluctuations
are discussed in section 1.1 regarding 1.0kg of SBM produced. When scaling these values to
match the FU of this study, the effects on climate change can be as low as 0.69kg CO2-eq and
for water use as high as 605.8kg per 1.3kg SBM produced. Comparing these values to this study’s
various MP reference flows, their advantage over SBM for the former IC becomes less apparent.
At TRL 6-8, the incumbent would thus display a slight benefit for climate change. At high MPL,
only Bio would outperform SBM, while the other two reference flows would be equal. For water
use, Bio’s results were below 605.8kg, even in 2020, while for Hydro and Geo, this would only
be true if river-run-off was used as an electricity source.

This analysis shows how sensitive the comparative results are depending on the soybean
plantation method. However, in some ways, these advantages and disadvantages even out across
the two ICs. In addition, the SBM reference values are the most extreme in the literature. They
are thus not representative of the average method of SBM production.

7.4 Methodological reflections

The original framework (Delpierre et al., 2021) for performing explorative scenario analysis in
conjunction with the ex-ante methodology for emerging technologies was further developed in
this study. The following section reflects the methodological approach of the framework’s four
phases, presented in section 2.2.

Phase one: Gaining first-hand data on the foreground MP system, especially regarding the
production steps from fermentation to drum drying, would have been valuable. The results would
have thus been more accurate by gathering specialised equipment and facilities data. Three
companies were unsuccessfully contacted, namely Air Protein in the USA, Solar Foods in
Finland, and Deep Branch in the UK. Close to the end of this study, two other companies were
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found that produce MP, Arkeon and Econutri, both situated in Austria. Due to the study’s
advanced progression at the time, these companies were not contacted. Besides gaining first-
hand data on the existing MP production system, it would have been valuable to retrieve more
information on changing parameters that will likely influence the system’s performance during
the scale-up stage.

Phase two: Further insight from technology developers would also have been beneficial for this
phase, such as assessing other forms of MP that fix N2 directly from the air (Hu et al., 2020).
Drawing a comparative analysis between green on-site NH3 production and N2-fixing HOB may
have been insightful. Unfortunately, no LCI data was available in the literature for such an
analysis.

Phase three: Gathering first-hand information might have also given valuable insight into the
moments when specific material and energy efficiencies could be expected. As nutrient
utilisation and electrolysis efficiency levels are decisive for the overall environmental
performance, gaining knowledge on when particular values are expected would have made the
model more robust. In the current model, the progression of the nutrient utilisation level and the
moment E-TAC water electrolysis becomes readily available for large-scale applications were
based on assumptions. These assumptions were based on the general progression of emerging
technologies and hence not very accurate towards these specific parameters. The E-TAC method
was thus believed to only be available at high MPL in 2050, while the timescale to reach 99%
nutrient utilisation was assumed to be the same. Between the pilot and large manufacturing
scales, results differed by up to 35% in some ICs. These high fluctuations thus show the
importance of precisely determining when these efficiencies can be expected.

Furthermore, conducting interviews with other firms that are not directly related to MP
production would have been beneficial to gain a clearer picture of other material inputs and
changing parameters. For example, the model for green NH3 production facilities excluded
material inputs and facilities due to limited data availability; thus, any changing parameters
related to these inputs were also neglected. Besides identifying further quantitative parameters,
direct contact with experts might have provided information on what challenges companies face
in implementing their products on a large scale. Due to limited data, the surrounding parameters
were thus not as comprehensively assessed as the technical ones.

Phase four: A transitional approach was taken for three different baseload energy sources for
the scenario analysis. Consequently, 12 scenarios gave a broad perspective of the total
performance of MP production. Yet this approach did not allow for assessing other parameters
over time. Assessing MP’s progressive performance when using CO2 from fossil origins, for
example, would have informed further discussion. As many GHG emitting industries are looking
to reduce their emissions by offsetting them through CCU applications, showing the technology
progression while including such parameters at the ex-ante stage would have been beneficial.
However, modelling and assessing 12 scenarios already challenged the scope of this analysis,
including any more possibilities would have thus not been feasible.

The developed framework included a CA of the incumbent system. The reason for this inclusion
was to assess SBM’s future development qualitatively. The CA identified the incumbent product
system parameters likely to change over time. Further, a scenario analysis could have been
performed for the incumbent system based on changes in the identified parameters, while also
including the future energy mix for both product systems. This approach would reinforce the
validity of the comparative results.
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8 Conclusion and recommendations

8.1 Conclusion

This study assessed the environmental performance of MP compared to SBM as the most used
alternative to fish meal. As previous MP LCAs displayed certain limitations, it was necessary to
overcome these by testing various assumptions. The first sub-research question was. “How to
best allocate biogenic carbon from point sources for MP production?”. It was clearly shown
that economic allocation is the only plausible way to allocate CO2 emissions from PCC or other
point sources. In addition, it became apparent how sensitive the comparative results for MP
production and SBM are to the CO2 capturing price.

The second sub-research question, “From an economic and environmental perspective, what is
MP production’s most efficient technological setup?” addressed economic feasibility, another
shortcoming of previous studies. During the study’s second phase, it was shown that an
ecologically optimised MP production system should not supply steam, CO2, or NH3 from the
chemical industry. Instead, steam should be provided through a BCHP unit, geothermal heat, or
even natural gas, while NH3 should be produced on-site using green H2. CO2 should be of
biogenic origin, while its production needs to be allocated appropriately. In addition, recovering
02 as a by-product is essential to making MP production economically and environmentally
feasible. Electricity for all foreground processes, including H2 and NH3 production, should be
supplied through baseload and wind power, except when the former is abundantly available.

Furthermore, SMR with CCS was also assessed in the study’s second phase as an economically
feasible alternative to green H2 production. Evaluating the results in the context of phase four’s
normalisation results, using blue over green H2 would increase the effects of ionising radiation
and photochemical ozone creation, the latter by over 50%. At the same time, the impacts of
climate change would only decrease to a minor degree. This overall decline in performance
would probably even out MP’s advantage over SBM in the best-case scenario, Geo 2050. SMR
with CCS is thus not recommended for MP production, despite its price advantage over current
green H2 generation.

The third sub-research question was: “What are not previously identified hotspots for improving
this technology?”’. Some hotspots of the different MP product systems were identified during the
CA. Across all three reference flows, the nutrient solution was amongst the most prominent
contributors for almost all ICs. These impacts can mainly be traced back to potassium carbonate
and sodium phosphate. The latter was often linked to phosphoric acid production, more precisely
to landfilling phosphoric acid purification residue. H2 production was another main contributor
to all three MP reference flows. When H2 and NH3 were generated through wind turbines, as in
the case of Bio and Hydro, these burdens were related to windmills; for some ICs, they were
further traced to steel production. For Geo, H2 and NH3 generation caused large externalities
traced back to deep-well drilling, primarily from steel and, in some ICs, landfarming drilling
waste.

In the case of Hydro and Bio, the single most substantial contributor across all ICs was CO2
production leading to high impacts regarding eutrophication, non-carcinogenic effects, ozone
layer depletion, photochemical ozone formation, respiratory effects, and LU. For Bio, landfilling
wood ash mixture critically contributed to carcinogenic and non-carcinogenic effects and
freshwater ecotoxicity to a minor extent. In the case of Hydro, landfarming wood ash mixture
also contributed to the last two ICs, with these impacts exclusively related to heat generation.
The heat and power co-generation process was another notable contributor to some ICs, with
wood chip production contributing to some degree.
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The last sub-research question focused on improving current methods of assessing the EF of
emerging technologies. This study contributed to this development in three ways. Firstly,
previous methods have neglected a stage where specific parameters can be tested to find optimal
ecological performance at the pilot-scale. Such inclusion is essential for emerging technologies
with a low TRL, as it can help stir early decision-making processes. Secondly, including a
progressive development was valuable to assess not just if but also when an innovation would
match the environmental performance of the incumbent. Lastly, performing a CA for the
incumbent system gave valuable insight into the validity of the comparative results. This insight
is beneficial in the case where comparative results closely align.

The main research question could be answered based on the results of the four phases, the
conclusions of the sub-research questions, and the assessment of the study’s assumptions and
limitations. At the pilot-scale, non of the MP reference flows could compete with SBM. At high
MPL, which can also be seen as the best-case scenario, only Geo outperformed the incumbent
system. However, high impacts on mineral, metal and water use remained. Including O2 as a by-
product would show this advantage more clearly, assuming a low MP production price. Such
inclusion also makes Hydro competitive under optimal system conditions. Yet, this advantage
would only occur at high MPL, given the results' dependency on the low product price and high
production efficiency.

Nevertheless, regarding hydropower, only the scenario using electricity generation through river
run-off was competitive with SBM concerning water use. In the case of Hydro and Geo, the
origin and fate of water used for hydropower facilities must thus be evaluated carefully. In
general, MP should only be produced in regions where water scarcity is not an issue. When
considering continuous H2 and NH3 supply for economic feasibility, SBM outperformed Bio in
2050, even when considering full O2 recycling, a low MP production price, and low CO2
capturing costs. Additionally, general issues of biomass supply security make its use for MP
production questionable. Furthermore, renewable energy supply security issues for other sectors
need careful evaluation, as MP production could cause adverse effects in those areas.

It has been suggested by previous studies that MP would decouple protein production from LU
while decreasing eutrophication and water use compared to field crops. This claim was only
verified for Hydro and Geo for LU. For eutrophication, this was only true under optimised system
conditions. In the case of water use, however, the opposite was true, unless electricity through
river run-off was used. In this case, comparative results would even out in this IC. Additionally,
it has also been recommended by previous studies to use fossil CO2 point sources. As this would
decrease Geo’s advantage at high MPL over SBM, such an approach is not recommended for
MP as a feed alternative unless O2 was used as a by-product, given the close alignment of the
comparative results.

The above conclusion is based on an optimal environmental performance, where NH3, CO2, and
heat are produced on-site, while wind-mills with minor ecological impacts are used.
Additionally, the electrolysis and nutrient utilisation efficiencies are the main dictators of the
comparative results, which were assumed to be 41.9kWh/kg H2 produced and 99%, respectively.
These values are based on lab-scale data and assumptions and are thus very uncertain. Results
are therefore susceptible to these parameter changes. This sensitivity must be considered
carefully when setting up MP feed alternative production facilities. Additionally, the results of
this study should be viewed as recommendations rather than fixed statements, given the
limitations of the LCA methodology, especially for emerging technologies.

Besides variable technical parameters, making the comparison uncertain, the study’s results
depend on broader socio-economic parameters for this novel protein to reach a high MPL, which

93



is necessary to achieve an ecological and economic competitive advantage over the incumbent.
Access to renewable H2 might pose a challenge to MP production companies. It is thus uncertain
how much green H2 will be available for novel applications such as MP. On the other hand, more
demand should create more supply, increasing economies of scale and reducing costs. Additional
attention to such novel applications might thus incentivise more research and funding towards
green H2 production.

Policy support is thus needed beyond CO2 price targets to drive developments in sustainable H2
generation. Besides cheap, renewable H2 supply, the novel protein will only become a viable
feed alternative if high economies of scale are reached. Thus, it is necessary to promote it as a
food alternative for human consumption where higher prices can be demanded. As MP would
increasingly be used as a meat replacement, the production price and environmental burdens
would likely decrease, making it more competitive with SBM in both respects. Successfully
endorsing MP and making it part of ordinary dietary choices implies institutionalising
environmental awareness and food supply issues while promoting novel protein alternatives.
Solid network formation will be necessary to support lobbying and investment choices. Such
developments will also foster intense learning, ultimately changing institutional structures and
enabling MP to progress from a niche innovation to a well-established market.

8.2 Recommendations

More research would further evaluate the validity of the comparative results and the economic
feasibility. The recommendations for future research are summarised in this section based on the
study’s overall assessment.

Firstly, despite its overall ecological advantage over meat products, MP intended for human
consumption has previously been assessed based on certain limitations, as discussed in sections
3.1-3.6. Additionally, the EF of MP as a meat alternative has been evaluated in its powdered
form. Further research is thus needed, comparing the novel protein as a final product vs various
animal proteins while also considering other previous limitations. Such evaluation should
critically assess CH4 emissions caused by the degradation of biogenic carbon inside artificial
aquacultures in the comparative analysis between MP and fish. As this inclusion is essential in
the case of hydro reservoirs, as elaborated in section 5.1.4, it seems equally necessary for
aquaculture farms.

As previously discussed, green H2 will be needed by industries otherwise difficult to decarbon-
ise, possibly posing limitations on large-scale implementation of MP production for feed alter-
natives. Using green H2 for MP manufacturing might thus lead to less sustainable H2 use in
other sectors. Furthermore, using electricity from baseload sources might pose similar chal-
lenges. Instead of an attributional LCA, a consequential LCA would give valuable insight into
such potential problem shifting. It might also be beneficial to evaluate other novel protein alter-
natives while comparing them to MP’s EF. Methanotrophic bacteria such as KnipBio Meal might
be a viable solution as a feed alternative if they are generated through by-products of bioethanol
creation such as condensed distillers soluble. In this way, arable land is used to produce food and
energy simultaneously, potentially making the question of energy vs crop production redundant.

It would be valuable to investigate when E-TAC water electrolysis would become commercially
available, especially for novel concepts such as MP, to reduce the overall energy demand through
H2 production. E-TAC and other green H2 production methods with similar efficiency levels are
vital to MP’s environmental and economic success. Given its significant financial advantage
over other H2 production methods, research on this green H2 production method is essen-
tial. Further research into O2 recycling from water electrolysis and the fermentation process will
also dictate the future viability of using MP as a feed alternative. Particular focus should also be

94



placed on the different levels of water use, given the high impacts and variability in this IC.
Additional evaluation should thus focus on the inconsistencies to other studies in this respect.
Yet, grid stability should always be at the centre of such analysis.

Future research should evaluate alternative parameters and compare them to the identified
hotspots. Such evaluation might strengthen Geo’s advantage over SBM while potentially making
it competitive at lower MPLs. For Hydro, the assessment might change the comparative results
in their favour; however, this remains to be seen, especially when previously neglected limita-
tions are also considered.

Firstly, recycled phosphate fertiliser from sewage sludge treatment should be assessed instead of
the virgin resource. As aforementioned in section 4.1.2, using phosphate and sulphur directly
from wastewater streams showed little environmental benefit. As an alternative, ash recovery
from fluidized bed mono incineration, the most established phosphor recycling method from
sewage sludge, could be considered. Yet, compared to primary production from phosphate rock,
this method showed little environmental benefit besides reducing the raw material use (Smol et
al., 2020), which must not be neglected given the mineral’s finite supply.

Other stationary solutions could be included in a comparative analysis, most of which seem less
energy intense in their approach compared to phosphorous recovery through mono incineration.
Such methods are, for instance, the RSR treatment technique (RSR-Verfahren; Green Sentinel,
2022), thermal pressure hydrolysis (TerraNova Energy, 2022) or hydrothermal gasification
(TreaTech, 2022). Little is known about the environmental impacts of these novel phosphate
recycling methods. Such an analysis would thus potentially close a gap in the literature while
giving further insight into the feasibility of MP production. As phosphor fertiliser was a hotspot
in various ICs for both SBM and the MP reference flows, future scenario analysis should be
conducted for both product systems.

To further reduce Bio’s impacts, other inputs such as wood pellets could be considered. Using
biowaste, a good supplier of renewable energy, instead of solid biomass, which is facing supply
security, particularly in Europe (Bagherian et al., 2021), could be a viable solution to decrease
Bio’s overall impacts. However, it must be critically evaluated if such an application would cause
competition with direct material recovery such as composting. From a circular economy ap-
proach, material recovery should be favoured over incineration. However, if biomass gasifica-
tion, currently at TRL 5-6 (Al-Qahtani et al., 2021), is used instead of combustion, this could
potentially combine energy and material recovery. Such a process generates CO2, heat, and elec-
tricity, which could be used for MP production while also generating solid carbon, which could
increase soil fertility and permanently store carbon in the ground while keeping phosphate in the
biosphere. Regardless, the overall performance of this novel method must be carefully consid-
ered, as biomass gasification is very energy intensive due to its endothermic reaction (Ahmad et
al., 2016). To further reduce Bio’s impacts, a reduction of baseload energy towards a mix of
intermittent energy sources could also be considered.

Another hot spot identified during MP’s CA was steel used for windmills and deep-well drilling
for geothermal power facilities. As the steel sector is gradually expected to be decarbonised
through green H2, this progression should be evaluated. Decarbonising the steel industry through
renewable H2 might decrease overall CO2 emissions and fossil use while potentially shifting
problems towards other ICs. Furthermore, a scenario analysis could also include the use of recy-
cled steel. Lastly, basing the FU on nutritional rather than protein content might generate more
accurate comparative results, as proteins vary in nutritional value. It remains to be seen if includ-
ing these recommendations would change the comparative results.
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10 Appendix 1

10.1 Calculations

10.1.1 Nutrient utilisation and electrolysis efficiency level

In the primary reference MP LCI (Jarvio et al., 2021) used for this study, there are some incon-
sistencies regarding the FU. The publication refers to a FU of 1 kg of MP product before packing
with a 5% moisture and 65% protein content at the factory gate. Yet, some LCI data (Jarvio et
al., 2021) relates to dried biomass with 0% moisture content. In some cases, it was unclear if the
input data refers to 5% or 0% moisture content. This data mismatch thus needed evaluation,
summarised in the following paragraph.

In table 2 (Jarvio et al., 2021), a value of 14.13 kWh of electricity for the electrolyser is given
for 79% efficiency. Yet, this efficiency value does not match table S9, where 13.45kWh produces
lkg MP with 5% moisture and 65% protein content, while table S9 does not refer to a nutrient
utilisation level. However, as 13.45 is approximately 95% of 14.13, it was assumed that input
data in table 2 refers to the production of dried biomass with 0% moisture content. Thus, tables
2 and S9 refer to the same scenario and, therefore, to the same efficiency levels while only dif-
fering in their moisture content. The H2, O2, and CO2 outputs, and CO2 input displayed in table
S9, are consequently based on 79% electrolysis efficiency and 99% nutrient utilization. This
evaluation confirmed that 1% of CO2 and H2 in table S9 leave the fermentation process without
being utilised.

10.1.1.1 Nutrient utilisation level

Table S9 only provides the amount of water for the fermentation process without stating how
much is needed for the electrolysis process. This amount required determination, as it defined
the H> and O input.

All the below values refer to a nutrient utilisation level of 99% to produce 1kg MP with
95%moisture content. For calculations regarding the lower nutrient utilisation levels are in
appendix 2.

Amount of CO2
The amount of CO2 was given in table S9 (Jarvio et al., 2021), which was 1.76kg CO2/kg MP
at 99% nutrient efficiency level.

Amount of H2

According to figure 13A, 401 kg of water is needed for the electrolysis process to produce 160kg
MP with 5% moisture content; therefore, 401/160 = 2.51kg is required for 1kg MP. As H20 is
made up of 2 Hydrogen atoms (molar mass = 1g/mol) and 1 Oxygen atom (molar mass =
16g/mol), the molar mass of H20 (water) is 18g/mol.
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Thus, 2.51kg of water is needed, of which 2 parts are Hydrogen and 16 are Oxygen. Dividing
water input by the sum of the atomic ratio gives: 2.51kg/18g/mol = 139.44mol, of which H2 =
2g/mol*139.44mol = 0.28kg and 16g/mol*139.44mol = 2.23kg is O2. These values were as-
sumed to be based on 99% nutrient efficiency, which seemed to be the default in the study’s
supplementary information (Jarvio et al., 2021)
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Figure 13A. Water flow chart in kg to produce 160kg MP (Jarvio et al., 2021; SI 1)

Amount of O2 (cut off)

This paragraph determines the amount of O2 that could be utilised as a by-product of MP
production. Table S9 (Jarvio et al., 2021) shows that 1.39kg O2/kg MP leave the fermentation
process unused, given a nutrient utilisation level of 99%. The origin of this stream comes from
the water input into the electrolysis and the the CO2 input for the fermentation. Additionally, the
02 left over from the NH3 production was determined. As 24.04kg NH3 are needed to produce
160kg MP with 5% moisture content (Jarvio et al., 2021), this gives an amount of 0.15kg NH3/kg
MP. The molar mass of N is 14g/mol, thus NH3 has a molar of 17g/mol. Thus, the amount of
H2 is: 0.15kg/17g/mol*3g/mol = 0.03kg H2. As water’s molar mass is 18g/mol, with 2 parts H2
and 16 parts 02, 0.03kg/2*16 = 0.21kg O2. Therefore, a total of 1.39kg+0.21kg = 1.6kg O2
could theoretically be used as a by-product.

Amount of NH3

The NH3 was modelled as part of the nutrient solution. It was thus not directly scaled to match
the input to the FU. The value of liquid NH3 was retrieved from supplementary information 2 of
the reference LCI (Jarvio et al., 2021).

10.1.1.2 Electrolysis efficiency level

The electrolysis efficiency is related to the H2 output, making it comparable to other publications
in the field. On the other hand, the electrolysis efficiency level in table 2 (Jarvid et al., 2021)
refers to the FU. Based on table 2 (Jarvio et al., 2021), 13.45kWh are needed to produce 1kg of
MP at 79% efficiency. Thus, the ratio between 1kg MP and the required amount of H2 is 1kg
MP/0.28kg H2 = 3.57. An efficiency of 79%, can therefore also be expressed as
3.57*13.45kWh/kg MP = 48.04kWh/kg H2. This value is in the range of future predictions for
AEL’s efficiency levels in 2050 (Delpierre et al., 2021).

An efficiency level of 60% or 18.6kWh/kg MP, shown in table 2 (Jarvio et al., 2021), was also
based on dry biomass with a moisture content of 0. Considering a 5% moisture level the effi-
ciency is 0.95*18.6kWh/kg MP = 17.67kWh/kg MP; in relation to H2 output, this value is
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3.57*17.67kWh/kg MP = 63.10kWhe/kg H2, which is the value used in the pilot-scale scenario
in 2020.

10.1.2 Allocation factors of multifunctional process

The ecoinvent database allocated the process “heat and power co-generation, wood chips, 6667
kW, state-of-the-art 2014” between heat and electricity respectively (Treyer, 2014). In reality,
this is one co-production process, yet the database divided into two processes with emissions
allocated accordingly. In this study, in addition to heat and electricity, the BCHP process also
produced CO2. Thus, to solve the multifunctional process, firstly, the allocation factor between
heat and electricity had to be determined.

The allocation factor for electricity and heat are given as 66.27 and 33.73, respectively (Treyer,
2014); thus, their ratio is 33.73/66.27 = 0.51. The relations between 1MJ and 1kWh is
IMJ=1000kWh/3600 = 0.28kWh. Out of a total efficiency level of 0.6 for the CHP process,
electrical efficiency is 0.15, and thermal efficiency is 0.45 (Treyer, 2014); therefore, their ratio
15 0.15/0.45=0.33. Thus, the allocation factor for 1MJu in relation to 1kWhe = 1*0.28*0.33*0.51
=0.05. This value is confirmed when compared to the flows to and from the co-production, such
as the non-fossil CO2 output. For 1MJm, this output is 0.07kg, and for 1kWhe, 1.53kg (Treyer,
2014), while the relation between the two values is 0.07/1.53 = 0.05, the same as the allocation
factor calculated above.

The total amount of non-fossil CO2 captured per kWhe and MJw, was defined based on a 90%
capturing rate (Schakel et al., 2014): (1.53kg + 0.07kg)*0.9= 1.44kg CO2.

10.1.2.1 Allocation factors based on a CO2 capturing price of 120€/t captured

Given a CO2 capturing price of 0.12€/kg (see section 4.2.4) and assuming an average cost of
0.117€/kWhe, the ratio of the co-production process for heat, electricity, and CO2 was
determined. The CO2 capturing price per kWhe and MJw is 0.12€/kg*1.44kg = 0.17€. Thus the
price ratio between the CO2 capturing price and the price of 1kWhe 1s 0.17/0.117 = 1.44.
Therefore, a formula relating 1MJn and 1.44kg CO2 to 1kWhe, based on the above analysis is:

0.05*x + 1.00*x + 1.44*x = 1.00
—x=10.40

And thus the allocation factors are:
— 1MJw: 0.40*0.05 = 0.02

— 1kWhe: 0.40*1.00 = 0.40

— 1.44kg CO2: 0.40*1.44 = 0.58

10.1.2.2 Allocation factors based on a CO2 capturing price of 280€/t captured

Given a price of 0.28€/kg, based on the highest price predictions of 240-325€/t CO2 captured
(see section 4.2.4) and assuming an average cost of 0.117€/kWhe, the ratio of the co-production
process for heat, electricity, and CO2 was determined. The CO2 capturing price per kWhe and
MJumis 0.28€/kg*1.44kg = 0.40€. Thus the price ratio between the CO2 capturing price and the
price of 1kWhe is 0.40/0.117 = 3.45. Therefore, a formula relating 1MJn and 1.44kg CO2 to
1kWhe, based on the above analysis is:

0.05*x + 1.00*x + 3.45*x = 1.00
—x=0.22
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And thus the allocation factors are:

— 1MJm: 0.22*0.05 = 0.01

— 1kWhe: 0.22%1.00 = 0.22

— 1.44kg CO2: 0.22*3.45 =0.77

10.1.2.3 Allocation factors based on a CO2 capturing price of 25€/t captured

Given a price of 0.025€/kg, based on price predictions of 11-38€/t CO2 captured (see section
4.2.4) and assuming an average cost of 0.117€/kWhe, the ratio of the co-production process for
heat, electricity, and CO2 was determined. The CO2 capturing price per kWhe and MJ is
0.025€/kg*1.44kg = 0.04€. Thus, the price ratio between the CO2 capturing price and the price

of 1kWhe is 0.04/0.117 = 0.31. Therefore, a formula relating 1MJu and 1.44kg CO2 to 1kWhe,
based on the above analysis is:

0.05*x + 1.00*x + 0.31*x = 1.00
—x=0.74

— 1MJw: 0.05*%0.74 = 0.03

— 1kWhe: 1.00*%0.74 = 0.74

— 1.01kg CO2: 0.31*0.74 = 0.23
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10.2 Sankey diagrams of CA for MP production in 2050
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