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Technological data
Table S1 gives an overview of all technological input data with their corresponding references which have been used in the MOO model. The data is grouped

according to the different production process steps.

Table S1. Technological input parameters

Parameter Unit Value Reference
General

Algae farm occupation factor % 150.00 !
Geographical

Solar irradiation Belgium kWh-m2 1040.00 2
Solar irradiation Iran kWh-m= 2100.00 2
Solar irradiation Cadiz kWh-m= 1900.00 2
Solar irradiation Hawaii kWh-m= 1868.00 2
Solar irradiation Tucson kWh-m= 2147.00 2
Solar irradiation Uttar Pradesh kWh-m= 1722.00 2
Ambient temp. Belgium March-November °C 12.86 3
Ambient pressure kPa 100.00

Algae species: General

Molecular weight pg-cell* 153.00 4
KNO:s req. mM 5.00 5
Stress stage KNOs req. mM 0.10 >
NaHCOs requirement mM 2.00 6
MgSO, requirement mM 2.00 5
KH,PO4 requirement mM 0.10 3
FeCls.6H,0 requirement mM 0.01 3
CO, requirement g-g biomass® 1.83 7



Percentage growth function % 67.00

Percentage growth function stress % 77.00

Correction factor stress growth % 67.00

Algae species: Dunaliella salina

Optimal salinity M 2.00 >
Stress stage salinity M 2.50 >
Optimal temperature °C 25.00 6
Stress stage B-carotene content % 8.8 468
Stress stage astaxanthin content % 0.00

TAG content % 10.00 9.10
Stress stage TAG content % 25.87 9.10
Initial concentration pond 108 cell-ml? 0.40 4
Maximum concentration pond gt 0.50 4
Maximum specific growth rate pond day? 0.25 5
Initial concentration reactor 106 cell-mI? 1.50 4
Maximum concentration reactor gl 2.00 4
Maximum specific growth rate reactor day? 0.35 41
Initial concentration ProviApt 108 cell-ml*? 1.50

Maximum concentration ProviApt gt 2.00

Maximum specific growth rate ProviApt day? 0.92

Algae species: Haematococcus pluvialis

Optimal salinity M 0.00

Stress stage salinity M 0.00

Optimal temperature °C 27.00 12
Stress stage B-carotene content % 0.00

Stress stage astaxanthin content % 2.90 13
TAG content % 0.11 14
Stress stage TAG content % 1.15 14
Initial concentration pond 108 cell-ml*? 0.40 4




Maximum concentration pond gt 0.50 4
Maximum specific growth rate pond day! 0.25 >
Initial concentration reactor gt 0.50 5
Maximum concentration reactor gt 4.10 15
Maximum specific growth rate reactor day! 0.20 13
Initial concentration ProviApt gt 0.50 5
Maximum concentration ProviApt gt 4.10 15
Maximum specific growth rate ProviApt day! 0.52 same rate as for Nannochloropsis sp.
Algae species: Nannochloropsis species

Optimal salinity g-kg? 22 16
Stress stage salinity g-kgt 34 16
Optimal temperature °C 25.00 16-18
Stress stage B-carotene content % 0.01 »
Stress stage astaxanthin content % 0.03 19
TAG content % 7.00 20
Stress stage TAG content % 38.00 20
Initial concentration pond gt 0.20 2
Maximum concentration pond gt 1.00 21
Maximum specific growth rate pond day? 0.17 2,22
Initial concentration reactor gt 0.25 B
Maximum concentration reactor gt 2.50 !
Maximum specific growth rate reactor day? 0.41 2
Initial concentration ProviApt gt 0.25 B
Maximum concentration ProviApt gt 2.50 !
Maximum specific growth rate ProviApt day? 1.08 calculated based on Y’
Process: General

Operation rate % 70.00

Process Step: Cultivation 1° stage

All options




Pumps in medium supply unit # 4.00 =

Tanks in medium supply unit # 3.00 =

NHs emission % N-fertilizer 4.86 %

CO; injection energy kWh-t CO,? 22.20 2

Medium preparation energy W-m=3-h 275.00 28

Hours of mixing h-day 10.00 2

Hours of medium preparation h-day* 6.00 2

0, emission g-g biomass™ 1.07 ’

Cultivation area % total 67.00 !
Option: Open pond

CO; fixation efficiency % 41.23 30,31

N20 emission % N-fertilizer 0.002 32

Mixing energy W-m?3 3.72 2

Height pond m 0.15 5
Option: PBR

CO; fixation efficiency % 71.00 28,33

N20 emission % N-fertilizer 0.39 32

Mixing energy W-m?3 2500.00 34

Heat loss % 5.00

Additional heating solar irradiation °C 5.00

Volume surface ratio m3-m? 0.07 28
Option: ProviApt

CO;, fixation efficiency % 71.00 28,33

N,O emission %-N-fertilizer 0.39 32

Mixing energy W-m™ 5.00 !

Heat loss % 5.00

Additional heating solar irradiation °C 5.00

Volume surface ratio [-m? 8.66 1

Process: Preharvesting

Option: IPC’




End concentration g DW-I'1 10.00
Energy consumption after open pond kWh-m=3 0.24
Energy consumption after reactor kWh-m?3 0.26
Maximum recycling ratio % 100.00
Process: Cultivation 2" stage
All options
Pumps in medium supply unit # 4.00 =
Tanks in medium supply unit # 3.00 =
NH; emission % N-fertilizer? 4.86 %
CO; injection energy kWh-t CO;? 22.20 z
Medium preparation energy W-m3h 275.00 %
Hours of mixing h-day* 10.00 »
Hours of medium preparation h-day* 6.00 2
0, emission open pond? g-g biomass® 1.07 7
Cultivation area % total 67.00 !
Option: Open pond
CO;, fixation efficiency % 41.23 30,31
N,O emission % N-fertilizer? 0.002 32
Mixing energy W-m?3 3.72 2
Height pond m 0.12 5
Option: PBR
CO;, fixation efficiency % 71.00 28,33
N20 emission % N-fertilizer? 0.39 32
Mixing energy W-m?3 2500.00 34
Heat loss % 5.00
Additional heating solar irradiation °C 5.00
Volume surface ratio m3-m? 0.07 28
Option: ProviApt
CO; fixation efficiency % 71.00 28,33
N,O emission % N-fertilizer 0.39 32




Mixing energy W-m 5.00 !
Heat loss % 5.00
Additional heating solar irradiation °C 5.00
Volume surface ratio I-m 8.66 1
Process: Harvesting

Option: Centrifuge
Energy consumption kWh-m?3 1.40 »
Maximum concentration % 12.00 3%
Recovery % 97.00
Process: Washing
End salt concentration gl 4.00
Mixing time h 1.00
Energy consumption mixing kWh-h-ttyear-I?t 0.18 Capacity [1]°33 37
Energy consumption centrifuge kWh-m?3 1.40 »
Maximum concentration % 12.00 3%
Recovery % 97.00
Process: Drying

Option: Spray Drying
Tinlet air °C 200.00 38
Toutlet air °C 110.00 38
Toutlet biomass °C 72.00 Course “Sproeidrogen”, Technotrans BV(2001)
Solid contentoytiet % 94.72 8
Biomass recovery % 95.00
Correction factor for energy consumption % 2.90 Course “Sproeidrogen”, Technotrans BV(2001)
Total energy consumption GJ-t(water removed)™* 5.20

Option: Freeze Drying
Solid contentoytiet % 93.60 3
Biomass recovery % 95.00
Energy consumption kW-kg? 2.00 40



Process: Disruption

Option: Bead mill

Energy consumption kWh-kg* 2.82 4
Disruption time h 7.00 42
Process: Extraction
Option: Hexane extraction

Extraction time min-step™ 60.00

Carotenoid recovery % 95.00

TAG recovery % 95.00

Hexane concentration It 1.00 a3
Extraction steps # 6.00 43

Energy consumption mixing
Hexane emission

kWh-h-ttyear-I?
gkg?!

0.18 Capacity [I1]°33
2.00

37

44

Other components extracted % 1.50
Process: Filtration
Energy consumption kWh-t dry material™ 10.00 37
Solvent in residual biomass % 10.00
Process: Lipid purification
Option: Vacuum distillation
Distillation carotenoids % 1.00
Distillation other components % 1.00
Distillation water % 40.00
Distillation hexane % 100.00
Cooling water m3-kg waste solvent™ 0.027 4
Temperature °C 30.00 46
Steps 3.00
Time min-step? 60.00
Pressure kPa 24.91
Distillation energy Belgium kWh-t recycled™? 1,353.32
Distillation energy India kWh-t recycled™? 1,314.21



Energy efficiency % 64.00 37
Minimum reflux ratio % 120.00 37
Process: Lipid processing
Option: Transesterification

Methanol kg-kg oilt 0.12 47
HCl kg-kg oilt 0.04 47
NaOH kg-kg oil? 0.001 47
Phosphoric acid kg-kg oilt 0.0006 47
Citric acid kg-kg oilt 0.0007 47
Water kg-kg oil? 0.34 47
Glycerol production kg-kg oilt 0.12 47
Biodiesel production kg-kg oil? 1.01 47
Wastewater kg-kg oilt 0.048 47
Natural gas kWh-kg* 0.24 47
Electricity kWh-kg? 0.04 47
Energy pump J-kg? 55.00 37
Mxixing time min 50.00

Decanter time min 50.00

Equipment 8

Option: Hydrotreating

Hydrogen kg-kg oil? 0.02 49
Phosphoric acid kg-kg oilt 0.0019 49
Silica kg-kg oilt 0.001 49
Clay dosing kg-kg oil? 0.002 49
Water kg-kg oilt 0.13 49
CO, emission kg-kg oilt 0.01 49
Hydrogen recycling rate % 89.00 49
Renewable diesel production kg-kg oilt 0.78 49
Naphtha production kg-kg oilt 0.02 49
Gas production kg-kg oil? 0.18 49



Propane in gas

%

29.18

49

CO, in gas % 63.12 49
Hin gas % 3.83 49
Waste stream % 12.50 49
Electricity hydrotreating kWh-kg? 0.05 0
Natural gas hydrotreating kWh-kg* 0.05 0
PSA energy kWh-kg? 0.10 49
Degumming energy kWh-kg? 0.01 49
Equipment 51
Process: Residue purification

Option: Evaporation
Water evaporation % 40.00
Solvent evaporation % 100.00
Other components evaporation % 1.00
Cooling water m3-kg waste solvent? 0.027 45
Evaporation energy kWh-t recycled? 1,153.83
Energy efficiency % 64.00 37
Minimum reflux ratio % 120.00 37
Evaporation time min 60.00
Evaporation temperature K 341.60
Process: Residue processing

Option: Pyrolysis
Biochar fraction % 63.00 2
Syngas fraction % 13.00 52
Liquid fraction % 24.00 2
CO; loss % 9.00 2
CHa loss % 1.50 52
CO loss % 1.00 2
CaHq loss % 0.30 2
CoHs loss % 1.00 52




52

H; loss % 0.70

Energy requirement MJ-kg dry biomass™ 1.24 based on *3
Energy requirement MJ-kg water 0.14 based on *3
HHV bio-oil MJ-kg? 27.90 52

HHV syngas MJ-kg? 2.90 52

HHV biochar MJ-kg? 14.50 52

Energy use fluid catalytic cracking MJ-bbl 401.87 54

Biocrude to biochar fluid catalytic cracking % 19.00 54

Energy use hydrotreating MJ-bbl 446.59 54

Biocrude to biochar hydrotreating % 7.00 54

Ratio diesel gasoline refining % 52.00 >
Hydrogen consumption kg-kg? 0.12 56

Option: Gasification

Biochar fraction % 58.00 >7

Syngas fraction % 28.00 57

Liquid fraction % 14.00 57

Energy requirement MJ-kg dry biomass™ 1.47 based on 3
Energy requirement MJ-kg water 0.27 based on *3
HHV bio-oil MJ-kg? 34.10 57

HHV syngas MJ-kg? 32.90 57

HHV biochar MJ-kg? 17.50 57

Energy use fluid catalytic cracking MJ-bbl 401.87 54

Biocrude to biochar fluid catalytic cracking % 19.00 4

Energy use hydrotreating MJ-bbl 446.59 >4

Biocrude to biochar hydrotreating % 7.00 4

Ratio diesel gasoline refining % 52.00 >
Hydrogen consumption kg-kg* 0.12 %6

Option: Torrefaction
Biochar fraction % 75.00 >7
Syngas fraction % 7.00 57
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Liquid fraction % 84.00 >7
Energy requirement MJ-kg dry biomass™ 1.05 based on *3
Energy requirement MJ-kg water 0.28 based on *3
HHV bio-oil MJ-kg? 15.50 >7
HHV syngas MJ-kg? 2.67 57
HHV biochar MJ-kg? 16.60 57
Energy use fluid catalytic cracking MJ-bbl 401.87 54
Biocrude to biochar fluid catalytic cracking % 19.00 54
Energy use hydrotreating MJ-bbl 446.59 54
Biocrude to biochar hydrotreating % 7.00 54
Ratio diesel gasoline % 52.00 >
Hydrogen consumption refining kg-kg? 0.12 56
Option: HTL
Pretreatment Temperature °C 150.00 54
Heat exchange efficiency % 90.00 >4
Pretreatment energy MJ-kg water? 0.58 54
Biomass conversion temperature °C 300.00 54
Biomass conversion energy MJ-kg water? 0.72 >4
Biocrude fraction % 20.00 4
Hexane Il biocrude™ 0.75 4
Energy extraction MJ-| feed™ 0.02 >4
Hexane recovery % 99.50 4
Hexane recovery energy MJ-tonne biocrude™? 2.10 54
Biocrude recovery % 90.00 >4
Nitrogen in raffinate % 89.00 4
Nitrogen in biomass % 8.00 >4
Phosphorus in raffinate % 94.00 4
Phosphorus in biomass % 1.00 >4
Nutrient recycle efficiency % 12.50 >4
Gas conversion % 3.00 >4
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CO; in gas fraction % 70.00 4
CH4 in gas fraction % 30.00 54
Solid waste % 3.00 4
Energy use fluid catalytic cracking MJ-bbl 401.87 54
Biocrude to biochar fluid catalytic cracking % 19.00 54
Energy use hydrotreating MJ-bbl 446.59 54
Biocrude to biochar hydrotreating % 7.00 54
Ratio diesel gasoline refining % 52.00 =
Hydrogen consumption kg-kg? 0.12 %6
Option: Anaerobic digestion
Biogas production m3 CH,4 0.375 58
Methane in biogas % 70.00 %8
CO; in biogas % 30.00 58
Digestate m3-kg* 0.02 58
Liquid digestate % digestate 93.36 58
N liquid digestate kg:m3 2.94 58
P liquid digestate kg:m3 0.39 58
K liquid digestate kg:-m?3 0.32 58
N solid digestate kg:m3 4.50 58
P solid digestate kg:m3 0.61 58
K solid digestate kg:m 0.50 >8
Water consumption m3-kg* 0.07 58
Heat demand kWh-kg* 0.68 58
Power demand kWh-kg™* 0.22 %8
Volume per feed flow m3-kgt-h 0.25 49
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Economic data

Table S2 gives an overview of all economic input data with their corresponding references which have been used in the model. The data is grouped in general,

investment, operational and revenue data.

Table S2 Economic input parameters

Parameter Unit Value Reference
General
Evaluation period Year 10.00
Site preparation %lo 10.00 59
Nominal discount rate % 15.00 &0
Equity % 20.00
Interest loan % 1.47 61
Inflation rate % 2.00 62
Tax rate % 33.99 &3
Investment costs
Process: Cultivation

All options
Cost inoculum production system EUR-ha? 122,595 Capacity [ha] %% 5,64
Lifetime inoculum production system  year 20.00 64
Land cost EUR-m™ 2.62 &5
Cost medium preparation unit EUR-m3h 6,954 Capacity [m3-h1] 05! 25,28
Lifetime medium preparation unit year 10 =
Cost CO; supply unit EUR-kgh 436 28,66
Lifetime CO, supply unit year 10.00 8
Cost heat exchanger titanium EUR-dam® 27,085 Capacity [dam3]%4 67
Cost heat exchanger incoloy EUR-dam® 21,668 Capacity [dam3]%4 68
Lifetime heat exchanger year 15.00 &9
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Option: Open pond

Cost liners EUR-ha! 87,637 64, 66,70
Lifetime liners year 20.00 n
Cost landscaping EUR-ha? 8,760 72
Cost paddlewheels EUR-ha! 11,728 66,70,72
Lifetime paddlewheels year 20.00 72
Option: PBR
Cost PBR EUR-m3 13,501 Capacity [m3]%%7 28 price quote commercial supplier
Lifetime PBR year 10.00 8
Cost Blower EUR-m?3 2,055 Capacity [m3] ¢ 25,28
Lifetime blower year 20.00 =
Option: ProviApt
Reactor installed cost EUR-ha 143,231 !
Additional investment EUR-ha 492,500 1
Lifetime reactor year 2.00 !
Process: Preharvesting
Option: IPC°
Total cost membrane scen Ns FLF 10° EUR 176.37
Total cost membrane scen Hp F 10° EUR 13.47
Total cost membrane scen Ds F 10° EUR 6.91
Total cost membrane scen Hp AD 10° EUR 13.47
Total cost membrane scen Ds AD 10° EUR 6.91
Total cost membrane scen Hp G 10° EUR 13.47
Total cost membrane scen Ds G 10° EUR 6.91
Total cost membrane scenHp T 10° EUR 13.47
Total cost membrane scen Ds T 108 EUR 6.91
Total cost membrane scen Hp P 108 EUR 13.47
Total cost membrane scen Ds P 10° EUR 6.91

Process: Harvesting

Option: Centrifuge
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Centrifuge EUR:Ith 318,225 Capacity [m3-h1] 044 price quote commercial supplier
Lifetime centrifuge year 25.00 %
Process: Washing
Cost tank EUR:m3 2,417 Input [m3] 043 2
Lifetime tank year 10.00 28
Cost mixer EUR-W 436 Capacity [W] 063 price quote commercial supplier
Lifetime mixer year 10.00
Centrifuge EUR:I"th 318,225 Capacity [m3-h1] 044 price quote commercial supplier
Lifetime centrifuge year 25.00 =
Process: Drying
Option Spray Drying
Spray dryer EUR 188,458 Capacity [kgwater removea-h 2] %* price quote commercial supplier
Lifetime dryer year 15.00
Option Freeze Drying
Freeze dryer EUR-kg*-h 224,031 Capacity [kg-h1]%4 &
Lifetime freeze dryer year 10
Process: Disruption
Option: Bead mill
Bead mill EUR:I"th 5,161 Capacity [I-h1]%4 price quote commercial supplier
Lifetime bead mill year 10
Process: Extraction
Option: Hexane extraction
Cost tank EUR-m3 2,417 Input [m3] 043 8
Lifetime tank year 10.00 %
Cost mixer EUR-W! 436 Capacity [W] 053 price quote commercial supplier
Lifetime mixer year 10.00
Process: Filtration
Filter EUR-m? 6,139 Capacity [m?] %> 42,74
Lifetime filter year 10.00

Process: Lipid purification
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Option: Vacuum distillation

Evaporator EUR-m3 192,552 Input [m3]06° price quote commercial supplier
Lifetime evaporator year 10.00
Process: Lipid processing
Option: Transesterification
Transesterification equipment EUR-t1-h 1,874,140 Capacity [t-h1] 04 48
Lifetime equipment year 10
Option: Hydrotreating
Hydrotreating unit EUR-I*m 2,212,987 Capacity [I‘min]©® 49
Lifetime hydrotreating unit year 30 49
Pressure swing adsorption (PSA) unit EUR:I"tm 484,713 Capacity [I-min] %4 49
Lifetime PSA unit year 30 49
Bleaching/degumming unit EUR:I"tm 258,514 Capacity [I-min’]4 49
Lifetime bleaching/degumming unit year 30 49
Process: Residue purification
Option: Evaporation
Evaporator EUR-m3 192,552 Input [m3]06° price quote commercial supplier
Lifetime evaporator year 10.00
Process: Residue processing
Option: Pyrolysis
Pyrolysis equipment EUR-tTh 19,387,234 Input [t-h1] 04 55,56, 75,76
Lifetime pyrolysis unit year 30 56
Hydroprocessing unit EUR-tY-day 717,314 Input [t-day™?] %4 =
Lifetime hydroprocessing unit year 30 5
Refining unit EUR-tday 60,618 Input [t-day?] %4 5
Lifetime refining unit year 30 >
Option: Gasification
Gasificiation equipment EUR-t1-h 19,387,234 Input [t-h1] 044 assumed the same as pyrolysis
Lifetime gasification unit year 30 assumed the same as pyrolysis
Hydroprocessing unit EURtday 717,314 Input [t-day™]®4° 5
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Lifetime hydroprocessing unit year 30 =
Refining unit EURtday 60,618 Input [t-day?] %4 5
Lifetime refining unit year 30 =
Option: Torrefaction
Torrefaction equipment EUR-tTh 19,387,234 Input [t-h1] 04 assumed the same as pyrolysis
Lifetime torrefaction unit year 30 assumed the same as pyrolysis
Hydroprocessing unit EURtday 717,314 Input [t-day?]®4° 5
Lifetime hydroprocessing unit year 30 =
Refining unit EUR-tY-day 60,618 Input [t-day?] %4 =
Lifetime refining unit year 30 55
Option: HTL
HTL equipment EUR-th 19,387,234 Input [t-h1] 04 assumed the same as pyrolysis
Lifetime HTL unit year 30 assumed the same as pyrolysis
Hydroprocessing unit EURtday 717,314 Input [t-day™] 240 =
Lifetime hydroprocessing unit year 30 55
Refining unit EURtday 60,618 Input [t-day?] %4 55
Lifetime refining unit year 30 =
Option: Anaerobic digestion
Digester EUR:m3 9,257 Input [m3]04 49
Lifetime digester year 30 49
Operational costs
General
Working rate personnel EUR-h? 39.20 7
Working hours/day h-day* 8.00
Working days day 241.00
Electricity costs (<20,000 MWh year?!) EUR-MWh?! 117.50 8
Electricity costs (>20,000 MWh year?!) EUR-MWh?® 93.70 8
Natural gas cost EUR-MWh? 39.20 »
Water purchase cost EUR-m3 3.39 8
Water disposal cost EUR-m3 2.43 81
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Insurance cost %lo 1.00 82
Repair/maintenance cost %lo 7.00 82
Process: Cultivation
All Options
Salt price EUR-t? 75.57 8
CO;, price EUR-t? 225.00 price quote commercial supplier
KNO3 price EUR-t? 1,594.30 8
NaHCOs price EUR-t? 869.51 8
KH2PO, price EUR-t? 1,992.81 86
FeCls;.6H,0 EUR-t? 488.12 commercial supplier
MgSO0, EUR-t? 797.12 &7
Option: Open pond
Personnel on site ponds person 3+(Area [ha] 10%)
Option: PBR
Personnel on site PBR person 3+(Area [ha] 1Y)
Option: ProviApt
Personnel on site ProviApt person 3+(Area [ha] 1Y) !
Process: Extraction
Option: Hexane extraction
Hexane price EUR-t? 393.21 88
Process: Lipid processing
Option: Transesterification
Methanol EUR-t? 380.00 8
NaOH EUR-t? 181.69 %0
HCI EUR-t? 2,378.22 a1
Phosphoric acid EUR-t? 717.41 49
Citric acid EUR-t? 2,531.20 92
Option: Hydrotreating
Hydrogen EUR-kg* 10.00 %3
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Phosphoric acid EUR-t? 717.41 49

Silica EUR-kg? 1.99 49

Clay EUR-kg! 0.60 4

Process: Residue processing
Option: Pyrolysis

Hydrogen EUR-kg? 10.00 %3
Option: Gasification

Hydrogen EUR-kg? 10.00 %3
Option: Torrefaction

Hydrogen EUR-kg? 10.00 %3
Option: HTL

Solid waste EUR-t? 33.43 >

Hydrogen EUR-kg? 10.00 %3

Revenues

Sale fertilizer EUR-kg? 0.39 price quote commercial supplier

Sale larval feed EUR-kg? 318.00 94

Sale B-carotene EUR-kg? 1000.00 commercial sources,

Sale astaxanthin EUR-kg* 5000.00 13,100-104

Sale biodiesel EUR-I? 0.50 105

Sale renewable diesel EUR:I? 0.50 105

Sale glycerol EUR-t? 0.17 48

Sale gasoline EUR:I? 0.48 105

Sale naphtha EUR-kg? 0.46 106

Markets

Market fertilizer t-year? 17,000,000 107

Market larval feed t-year? 4,000 108

Market B-carotene t-year? 371.56 109

Market astaxanthin t-year? 280.00 110

Market volume diesel t-year? 1,294,000,000 111
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Market volume glycerol
Market volume gasoline
Market volume naphtha

t-year?
t-year?
t-year?

3,551,000
1,286,000000
270,700,000

112

111

113
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Environmental data

Table S3 gives an overview of all environmental input data with their corresponding references which have been used in the model. The data is grouped according

to the different production process steps.

Table S3. Environmental input parameters

Parameter Inventory Unit Characterization factor in ecoinvent (Alloc Def, U) Ref/C
General
Labour Energy worker-hour® MJ 39.00 Electricity, medium voltage {BE}| market for 114
Factory Sizing factor 0.60
Factory Chemical factory, organics {RER}| construction
Water Tap water {Europe without Switzerland}| market for
Water disp. Wastewater, average {Europe without Switzerland}| market for wastewater,
average

Water em. Emissions to water: water
Electricity Electricity, medium voltage {BE}| market for
Heat Heat, district or industrial, natural gas {RER}| market group for
Land use Inputs from nature: Occupation, bare area (non-use), BE
Process: Cultivation 1% stage

All Options
Salt Sodium chloride, powder {GLO}| market for 2
CO; Carbon dioxide, liquid {RER}| market for a
NaHCO3 Na,COs kg'kg? 0.66 Soda ash, dense {GLO}| market for 115
NaHCO; CO; emission kg-kg™ 2:10% Emissions to air: Carbon dioxide 116
NaHCO; Water emission kg-kg 6-10% Emissions to air: water 116
NaHCO3 Na,COs emission kg-kg? 0.0013 Emissions to air: Sodium carbonate 116
NaHCO; CO; to water kg-kg 0.013 Emissions to water: Carbon dioxide 116
NaHCO; Water to water kg-kg* 0.0054 Emissions to water: water 116
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NaHCO;
NaHCO;
NaHCO;
NaHCO;
NaHCO;
NaHCO;
NaHCO;
NaHCO;
NaHCO;
KH,PO,
KH,PO,
KH2PO4
KH,PO,
KH,PO,
KNO3
MgSO4
FeCls.6H,0
CO; em.
N,O em.
NHz em.
O, em.
MPS

MPS

CO; supply
CO; supply
Heat exch.
Heat exch.
Heat exch.
Heat exch.
Heat exch.

Na,COs to water
Na,COs to water
Transport lorry
H.0

CO;

Electricity
Chemical factory
Plastic packaging
Transport train
P20s

K20

Transport lorry
Plastic packaging
Transport train

Tank

Sizing factor
Pump

Sizing factor
Capacity

Sizing factor
Transport, lorry
Titanium
Titanium waste

kg-kg™
kg-kg*
tkm-kg*
kg-kg*
kg-kg*
kWh-kg*
p-kg™
kg-kg*
tkm-kg*
kg-kg*
kg-kg*
tkm-kg*
kg-kg*
tkm-kg?

p-p
p-p’
kw-p?
tkm-p?

kg-p™!
kg-p’

0.014
0.018
0.10
0.11
0.28
0.33
4-10%°
0.002
0.60
0.52
0.34
0.10
0.002
0.60

1.00
0.57
1.00
0.62
70.00
0.60
0.88
8.80
8.80

Emissions to water: Sodium

Emissions to water: Carbonate

Transport, freight, lorry, unspecified {GLO}| market for

Tap water {Europe without Switzerland}| market for

See CO,

Electricity, medium voltage {BE}| market for

Chemical factory, organics {RER}| construction

See Auxiliary: Plastic packaging

Transport, freight train {Europe without Switzerland/GLO}| market for
Phosphate fertilizer, as P205 {GLO}| market for

Potassium fertilizer, as K20 {GLO}| market for

Transport, freight, lorry, unspecified {GLO}| market for

See Auxiliary: Plastic packaging

Transport, freight train {Europe without Switzerland}| market for
Potassium nitrate {GLO}| market for

Magnesium sulfate {GLO}| market for

Iron (IIl) chloride, without water, in 40% solution state {GLO}| market for
Emissions to water: Carbon dioxide

Emission to air: Dinitrogen monoxide

Emissions to air: Ammonia

Emissions to air: Oxygen

1 p Hot water tank, 600! {CH}| production

Pump, 40W {CH}| production®

Transport, freight, lorry, unspecified {GLO}| market for
Titanium, primary {GLO}| market for
See Auxiliary: Titanium waste

116
116
115
115
115
116, 115
116
117
115
86
86
115
117

115
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Heat exch. Packaging plastic kg-p? 0.06 See Auxiliary: Plastic packaging 17
Heat exch. Packaging paper kg-p? 0.06 See Auxiliary: Paper packaging 17
Heat exch. Transport, train tkm-p? 5.28 Transport, freight train {Europe without Switzerland}| market for 115
IPS®

Option: Open pond
Liner Capacity ha-p? 0.81 72
Liner Sizing factor 1.00 b
Liner Material HDPE 64
Liner Thickness mil 40.00 64
Liner Width m 12.20 2
Liner Additional height m 0.05
Liner* Liner depth m 0.15 >
Liner Transport lorry tkm-p’? 8,792 Transport, freight, lorry, unspecified {GLO}| market for 15
Liner HDPE kg-p? 80,792 Polyethylene, high density, granulate {GLO}| market for 2
Liner HDPE waste kg-p? 80,792 See Auxiliary: HDPE waste
Liner Transport train tkm-p’? 48,475 Transport, freight train {Europe without Switzerland}| market for 115
PW Capacity ha-p* 0.81 2
PW Sizing factor 1.00 b
PW Paddle width m-p* 12.20 72
PW Paddle thickness m-p*! 0.01
PW Paddle radials #pt 8.00 66
PW* Paddle depth m-p?! 15.00 >
PW Paddle material HDPE 118
PW Motor material Steel 118
PW Transport lorry tkm-p? 22.43 Transport, freight, lorry, unspecified {GLO}| market for 15
PW HDPE production kg-p? 141.31 Polyethylene, high density, granulate {GLO}| market for a
PW Steel production kg-p? 83.00 Steel, chromium steel 18/8 {GLO}| market for 3,119
PW HDPE waste kg-p? 141.31 See Auxiliary: HDPE waste
PW Steel waste kg-p? 83.00 See Auxiliary: Steel waste
PW Transport train tkm-p? 134.58 Transport, freight train {Europe without Switzerland}| market for 15
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Option: PBR
PBR Capacity m3-p? 2.54 28
PBR Int./ext. diam. m-m™? 0.88 28
PBR Transport lorry tkm-kg? 70.43 Transport, freight, lorry, unspecified {GLO}| market for 115
PBR HDPE kg-p? 704.26 Polyethylene, high density, granulate {GLO}| market for a
PBR HDPE waste kg-p? 704.26 See Auxiliary: HDPE waste
PBR Transport train tkm-kg* 422.56 Transport, freight train {Europe without Switzerland}| market for 15
Blower Pump p-p? 1.00 Pump, 40W {CH}| production? a
Option: ProviApt
ProviApt Width m-p? 1.25 120
ProviApt Panels #pt 35.00 120
ProviApt Distance panels m 0.25 120
ProviApt Heigth m 0.50 120
ProviApt Thickness m 180.00 120
ProviApt Diameter panels m 0.02 120
ProviApt HDPE production kg-p? 13.07 Polyethylene, high density, granulate {GLO}| market for
ProviApt HDPE waste kg-p? 13.07 See Auxiliary: HDPE waste
ProviApt Transport, lorry tkm-p* 1.31 Transport, freight train {Europe without Switzerland}| market for 115
ProviApt Transport, train tkm-p? 7.84 Transport, freight train {Europe without Switzerland}| market for 115
Process: Preharvesting
Option: IPC°
IPC’ Capacity m2-p? 1.00
IPC’ Sizing factor 1.00
IPC’ Water [-m?2 20.50 Tap water {Europe without Switzerland}/| market for
IPC’ Glycerine gm? 45.00 Glycerine {GLO}| market for
IPC’ PES gm? 100.00 Polycarbonate {GLO}| market for
IpC’ PVP g:m? 50.00 See Aucxiliary: PVP prod.
IPC’ NaOCl g:m? 5.00 Sodium hypochlorite, without water, in 15% solution state {GLO}| market for
IPC’ NEP kg-m 6,944 N-methyl-2-pyrrolidone {GLO}| market for
IPC’ Cl2 to air g:m? 5.00 Emissions to air: Chlorine



IpC’ AOX to water g:m? 0.01 Emissions to water: AOX, Adsorbable Organic Halogen as Cl
IPC’ NaOCl to water g:m? 5.00 Emissions to water: Sodium hypochlorite
IPC’ NEP to water gm? 305 Emissions to water: Organic compounds (unspecified)
IPC’ Electricity kWh-m 1.11 Electricity, medium voltage {BE}| market for
IPC’ PVP to waste g:m? 49.00 See Auxiliary: pl. pack. Waste
IPC’ PES to waste g:m? 5.00 See Auxiliary: pl. pack. Waste
IPC’ Glycerine to waste gm? 45.00 Wastewater, average {Europe without Switzerland}| market for wastewater,
average
IPC’ Wastewater+NEP [-m?2 27.81 Wastewater, average {Europe without Switzerland}| market for wastewater,
average

Tanks Tank p-p? 1.00 1 p Hot water tank, 6001 {CH}| production a
Pumps Pump p-p? 1.00 Pump, 40W {CH}| production® 2
Control eq. Sizing factor 1.00 Electronic component, passive, unspecified {GLO}| market for
Laptop Sizing factor 1.00 Computer, laptop {GLO}| market for
Process: Harvesting

Option: Centrifuge
Centrifuge Sizing factor 0.56 b
Centrifuge Capacity I-h? 3,750 121
Centrifuge Steel kg-p? 3,750 Steel, chromium steel 18/8 {GLO}| market for al2zl
Centrifuge Steel waste kg-p? 3,750 See Auxiliary: Steel waste 121
Process: Washing
Tank Tank p-p? 1.00 1 p Hot water tank, 600l {CH}| production a
Mixer Pump p-p? 1.00 Pump, 40W {CH}| production® 2
Centrifuge Centrifuge p-p? 1.00 See Centrifuge of Process: Harvesting
Process: Drying

Option: Spray dryer
Spray dryer  Capacity I-st 1.00 122
Spray dryer Sizing factor 0.60 b
Spray dryer  Transport lorry tkm-p? 29,895 Transport, freight, lorry, unspecified {GLO}| market for 122
Spray dryer  Steel kg-p? 22,900 Steel, chromium steel 18/8 {GLO}| market for 3,122
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Spray dryer Glass fibre kg-p? 96 Glass fibre {GLO}| market for 3,122
Spray dryer  Steel waste kg-p? 22,900 See Auxiliary: Steel waste 122
Spray dryer Glass fiber waste kg-p? 96 See Auxiliary: Glass fibre waste 122
Spray dryer Electric welding m-kg? 134 Welding, arc, steel {RER}| processing 122
Spray dryer Rolling steel kg-kg? 22,900 Sheet rolling, chromium steel {RER}| processing 122

Option: Freeze dryer
Freeze dryer  Spray dryer p-p? 1.00 See Spray Dryer Process: Drying a
Process: Disruption

Option: Bead mill
Bead mill Capacity I-h? 500.00 ¢
Bead mill Sizing factor 0.60
Bead mill Steel kg-p? 750.00 Steel, chromium steel 18/8 {GLO}| market for ac
Bead mill Volume I 16.50 ¢
Bead mill Electric welding m-kg? 4.39 Welding, arc, steel {RER}| processing d
Bead mill Rolling steel kg-kg? 750.00 Sheet rolling, chromium steel {RER}| processing d
Bead mill Transport lorry tkm-p? 7,027.08 Transport, freight, lorry, unspecified {GLO}| market for d
Bead mill Steel waste kg-p? 750.00 See Auxiliary: Steel waste
Bead mill ZrO, waste kg-p? 4,66.45 See Auxiliary: Steel waste
Bead mill Pump kw 0.55 Pump, 40W {CH}| production® ¢
Beads Filling % 85.00 Zirconium oxide {GLO}| market for 4
Beads Lifetime h 1500.00 ¢
Process: Extraction

Option: Hexane extraction
CeHia Hexane {GLO}| market for a
Em. CeHia Emissions to air: Hexane
Tank Tank p-p? 1.00 1 p Hot water tank, 600l {CH}| production @
Mixer Pump p-p? 1.00 Pump, 40W {CH}| production? @
Process: Filtration
Membrane Membrane p-p? 1.00 SeelPC’

Process: Lipid purification
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Option: Vacuum distillation

Distiller Spray dryer pp 1.00 See Spray Dryer Process: Drying a
Ref B-car. 123-146
Ref ast. 136, 138, 139, 141, 147-165
Process: Lipid processing

Option: Transesterification
Methanol Methanol {GLO}| market for
NaOH Sodium hydroxide, without water, in 50% solution state {GLO}| market for a
HCI Hydrochloric acid, without water, in 30% solution state {RER}| market for
P,0s Phosphate fertiliser, as P,0s {GLO}| market for
Ref. diesel Diesel {Europe without Switzerland}| petroleum refinery operation
Ref. glycerol Glycerine {GLO}| market for €
CHOH em. Emissions to air: Methanol
NaOH em. Emissions to air: NaOH
HCl em. Emissions to air: HCI
P,Os em. Emissions to air: P,0s
TE unit Pumps # 9.00 Pump, 40W {CH}| production?® 3,48
TE unit Tanks # 7.00 1 p Hot water tank, 600l {CH}| production a 48
TE unit Distiller # 2.00 See Spray Dryer Process: Drying 48
TE unit Heat exchangers # 11.00 See Heat exchanger Process: Cultivation 48
TE unit Sizing factor 0.60

Option: Hydrotreating
Hydrogen Hydrogen, liquid {RER}| market for
HsPO,4 Phosphoric acid, industrial grade, without water, in 85% solution state {RER}|

purification of wet-process phosphoric acid to industrial grade, product in 85%
solution state

Clay Clay {RoW}| market for clay
Silica Silica sand {GLO}| market for
Ref. Diesel Diesel {Europe without Switzerland}| petroleum refinery operation

Ref. Naphtha

Naphtha {Europe without Switzerland}| petroleum refinery operation
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H, em.

Emission to air: H;

H3PO4 em. Emission to air: Phosphoric acid
HT unit Reactors # 5.00 1 p Hot water tank, 600l {CH}| production 3,51
HT unit Separators # 4.00 See Spray Dryer Process: Drying 51
HT unit Pump # 1.00 Pump, 40W {CH}| production? 3,51
HT unit Compressor # 2.00 Pump, 40W {CH}| production?® a 51
HT unit Heat exchanger # 1.00 See Heat exchanger Process: Cultivation 51
HT unit Sizing factor 0.60
PSA Tank # 1.00 1 p Hot water tank, 600l {CH}| production a 51
PSA Sizing factor 0.60
Pur. Unit Reactors # 3.00 1 p Hot water tank, 6001 {CH}| production 3,51
Pur. Unit Centrifuge # 1.00 See Centrifuge Process: Harvesting 51
Pur. Unit Filters # 2.00 SeelPC’ 31
Pur. Unit Sizing factor 0.6
Process: Residue purification

Option: Evaporation
Ref. fert. N-fertilizer kg-kg? 0.04 Nitrogen fertiliser, as N {GLO}| market for 3,166, e
Ref. fert. P-fertilizer kg-kg? 0.001 Phosphate fertiliser, as P,Os {GLO}| market for 3,166, e
Ref. fIf Electricity boat MJ-kg? 2.34 Electricity, medium voltage {PE}| market for 167
Ref. fIf Aluminium kg-kg? 0.07 Aluminium, wrought alloy {GLO}| market for 167
Ref. fIf Aluminium landfill % 20.00 Disposal, inert waste, 5% water, to inert material landfill/CH U 167
Ref. flf Steel kg-kg™ 0.07 Steel, chromium steel 18/8 {GLO}| market for 167
Ref. fIf Steel landfill % 90.75 Scrap steel {CH}| treatment of, inert material landfill 167
Ref. fIf Steel recycling % 9.25 See Auxiliary: Recycling steel 167
Ref. flf Plastic kg-kg* 0.03 Polyethylene, high density, granulate {GLO}| market for 167
Ref. fIf Plastic landfill % 100.00 Disposal, plastics, mixture, 15.3% water, to sanitary landfill/CH U 167
Ref. fIf Lead g-kgt 10.45 Lead {GLO}| market for 167
Ref. fIf Lead EoL % 100.00 Lead concentrate {GLO}| market for
Ref. fIf Diesel MJ-kg? 8.09 Diesel, burned in agricultural machinery {GLO}| market for diesel, burned in 167

agricultural machinery

28



Ref. fIf Electricity processing  MJ-kg* 0.56 Electricity, medium voltage {PE}| market for 167
Ref. fIf Fuel oil MJ-kg? 10.99 Heavy fuel oil {RoW}| market for 167
Ref. fIf COD to water kg-kg? 0.22 Emission to air: COD 167
Evaporator Spray dryer p-p? 1.00 See Spray Dryer Process: Drying 2
Process: Residue processing

Option: Pyrolysis
Pyr. Unit Spray dryer p-p? 1.00 See Spray Dryer Process: Drying 2
Pyr. Unit Sizing factor 0.60
Com. bioch. Hard coal, burned in power plant/BE f
Com. syngas Natural gas, burned in power plant/BE f
HP eq. Hydrotreating unit p-p? 1.00 See Hydrotreating unit Process: Hydrotreatment
HP eq PSA p-p? 1.00 See PSA Process: Hydrotreatment
HP eq Purification unit p-p? 1.00 See Purification unit Process: Hydrotreatment
HP eq Sizing facor 0.60
Hydrogen Hydrogen, liquid {RER}| market for
Ref. gasol. Petrol, unleaded {Europe without Switzerland}| petroleum refinery operation
Ref. diesel Diesel {Europe without Switzerland}| petroleum refinery operation

Option: Gasification
Gasif. Unit Spray dryer p-p? 1.00 See Spray Dryer Process: Drying @
Gasif. Unit Sizing factor 0.60
Com. bioch. Hard coal, burned in power plant/BE f
Com. syngas Natural gas, burned in power plant/BE f
HP eq Hydrotreating unit p-p? 1.00 See Hydrotreating unit Process: Hydrotreatment
HP eq PSA p-p? 1.00 See PSA Process: Hydrotreatment
HP eq Purification unit p-p? 1.00 See Purification unit Process: Hydrotreatment
HP eq Sizing facor 0.60
Hydrogen Hydrogen, liquid {RER}| market for
Ref. gasol. Petrol, unleaded {Europe without Switzerland}| petroleum refinery operation
Ref. diesel Diesel {Europe without Switzerland}| petroleum refinery operation
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Option: Torrefaction
Tor. Unit Spray dryer p-p? 1.00 See Spray Dryer Process: Drying
Tor. Unit Sizing factor 0.60
Com. bioch. Hard coal, burned in power plant/BE
Com. syngas Natural gas, burned in power plant/BE
HP eq Hydrotreating unit p-p? 1.00 See Hydrotreating unit Process: Hydrotreatment
HP eq PSA p-p? 1.00 See PSA Process: Hydrotreatment
HP eq Purification unit p-pt 1.00 See Purification unit Process: Hydrotreatment
HP eq Sizing facor 0.60
Hydrogen Hydrogen, liquid {RER}| market for
Ref. gasol. Petrol, unleaded {Europe without Switzerland}| petroleum refinery operation
Ref. diesel Diesel {Europe without Switzerland}| petroleum refinery operation
Option: HTL
HTL unit Spray dryer p-p? 1.00 See Spray Dryer Process: Drying
Hydrogen Hydrogen, liquid {RER}| market for
Solid waste Final waste flow: solid waste
Ref. gasol. Petrol, unleaded {Europe without Switzerland}| petroleum refinery operation
HTL unit Sizing factor 0.60
HP eq Hydrotreating unit p-p? 1.00 See Hydrotreating unit Process: Hydrotreatment
HP eq PSA p-p? 1.00 See PSA Process: Hydrotreatment
HP eq Purification unit p-p? 1.00 See Purification unit Process: Hydrotreatment
HP eq Sizing facor 0.60
Hydrogen Hydrogen, liquid {RER}| market for
Ref. gasol. Petrol, unleaded {Europe without Switzerland}| petroleum refinery operation
Ref. diesel Diesel {Europe without Switzerland}| petroleum refinery operation
Option: Anaerobic digestion
Digester Spray dryer p-p? 1.00 See Spray Dryer Process: Drying
Ref. CO; Carbon dioxide, liquid {RER}| market for
Ref. CHa Methane, 96% by volume {GLO}| market for
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N-fertillizer

Nitrogen fertiliser, as N {GLO}| market for

P-fertilizer P to P,0s ratio kg-kg? 2.41 Phosphate fertiliser, as P,0s {GLO}| market for

K-fertilizer K to K;0 ratio kg-kg? 4.58 Potassium fertiliser, as K,0 {GLO}| market for

Digester Sizing factor 0.60

Auxiliary

Pl. Waste Transport lorry tkm-kg? 0.019 Transport, freight, lorry, unspecified {GLO}| market for g
Pl. Waste Transport train tkm-kg? 0.011 Transport, freight train {Europe without Switzerland}| market for &
Pl. Waste Recycled plastic kg-kg? 0.85 See Auxiliary: Plastic recycling 168
Pl. Waste Incinerated plastic kg-kg? 0.11 Disposal, polyethylene, 0.4% water, to municipal incineration/CH 168
Pl. Waste Landfilled plastic kg-kg™ 0.05 Disposal, plastics, mixture, 15.3% water, to sanitary landfill/CH 168
Pl. recycl. Replaced pl. (QF) kg-kg? 0.75 Packaging film, low density polyethylene {GLO}| market for 169
Pl. recycl. Electricity kWh-kg? 0.60 Electricity, medium voltage {BE}| market for h
Tit. waste Transport lorry tkm-kg? 0.019 Transport, freight, lorry, unspecified {GLO}| market for i
Tit. waste Transport train tkm-kg? 0.011 Transport, freight train {Europe without Switzerland}| market for i
Tit. waste Recycled tit. kg-kg? 0.9998 See Auxiliary: Tit. Recycle. 168
Tit. waste Landfilled tit. kg-kg? 0.0002 Disposal, inert waste, 5% water, to inert material landfill/CH U 168
Tit. rec. Replaced tit. (QF) kg-kg? 1.00 Titanium, primary {GLO}| market for 169
Tit. rec. Electricity Gl-kg? 0.026 Electricity, medium voltage {BE}| market for 170
P. Waste Transport, lorry tkm-kg? 0.019 Transport, freight, lorry, unspecified {GLO}| market for &
P. Waste Transport train tkm-kg? 0.011 Transport, freight train {Europe without Switzerland}| market for e
P. Waste Recycled paper kg-kg* 0.9994 Paper (waste treatment) {GLO}| recycling of paper 168
P. Waste Incinerated paper kg-kg™ 0.0005 Disposal, packaging paper, 13.7% water, to municipal incineration/CH U 168
P. Waste Recycled paper kg-kg™ 0.14 Paper (waste treatment) {GLO}| recycling of paper 1
P. Waste Landfilled paper kg-kg™ 0.86 Disposal, packaging paper, 13.7% water, to sanitary landfill/CH U 1
HDPE waste  Transport lorry tkm-kg? 0.019 Transport, freight, lorry, unspecified {GLO}| market for &
HDPE waste  Transport train tkm-kg? 0.011 Transport, freight train {Europe without Switzerland}| market for g
HDPE waste  Recycled HDPE kg-kg 0.85 See Auxiliary: HDPE recycle. 168
HDPE waste  Incinerated HDPE kg-kg™ 0.11 Disposal, polyethylene, 0.4% water, to municipal incineration/CH U 168
HDPE waste  Landfilled HDPE kg-kg* 0.05 Disposal, polyethylene, 0.4% water, to sanitary landfill/CH U 168
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HDPE rec. Electricity kWh-kg* 0.60 Electricity, medium voltage {BE}| market for

HDPE rec. Replaced HDPE (QF)  kg-kg™ 0.75 Polyethylene, high density, granulate {GLO}| market for 3 169
Steel waste Transport lorry tkm-kg? 0.0193 Transport, freight, lorry, unspecified {GLO}| market for i
Steel waste Transport train tkm-kg? 0.011 Transport, freight train {Europe without Switzerland}| market for ‘
Steel waste Recycled Steel kg-kg? 0.9998 See Auxiliary: Recycle steel 168
Steel waste Landfilled Steel kg-kg? 0.0002 Scrap steel {CH}| treatment of, inert material landfill 168
Rec. Steel Electricity Gl-kg? 0.023 Electricity, medium voltage {BE}| market for b 170
Rec. Steel Replaced steel (QF) kg-kg? 1.00 Steel, chromium steel 18/8 {GLO}| market for 3,169
PVP prod. 1,4-butanediol kg-kg? 0.80 Butane-1,4-diol {GLO}| market for 172
PVP prod. Acetylene kg-kg? 0.23 Acetylene {GLO}| market for | Alloc Def, U 172
PVP prod. Hydrogen to air kg-kg? 0.04 Emissions to air: Hydrogen 172
PVP prod. Water to water kg-kg? 0.16 Emissions to water: water 172
PVP prod. Ammonia kg-kg* 0.15 Ammonia, liquid {RER}| market for 172
Gl. f. waste Transport lorry tkm-kg? 0.0193 Transport, freight, lorry, unspecified {GLO}| market for ‘

Gl. f. waste Transport train tkm-kg? 0.011 Transport, freight train {Europe without Switzerland}| market for i

Gl. f. waste Recycled gl. f. kg-kg* 0.94 See Auxiliary: Glass recycling 168
Gl. f. waste Incinerated gl.f. kg-kg? 0.01 Waste glass {Europe without Switzerland}| treatment of waste glass, municipal 168

incineration

Gl. f. waste Landfilled gl. f. kg-kg* 0.05 Disposal, glass, 0% water, to inert material landfill/CH U 168
Gl. f. rec. Replaced gl. f. (QF) kg-kg* 1.00 Glass fibre {GLO}| market for 3 169

Abbreviations: Ref/C = Reference/Comment; pack. = packaging; rec. = recycling; pl. = plastic; QF = quality factor; em. = emission; exc. = exchanger; tit. = titanium;
p. = paper; prod. = production; PW: paddlewheel; eq. = equipment; transf. = transformation; MPS = medium preparation system; fr. = fraction; sep. = separation;
SSP = single superphosphate; TSP = triple superphosphate; Int./ext. diam. = internal/external diameter; Tor. = Torrefaction; Gas. = Gasification; Gasol.= Gasoline;
Pyr. = Pyrolysis; TE = Transesterification; HP = Hydroprocessing; HT = Hydrotreatmen; eq = equipment; com = combustion; bioch. =biochar; fIf = fish larvae feed;
pur. = purification. ¥ IPS = Inoculum production system; the impact of the first cultivation stage of the PBR cultivation option is scaled to produce the corresponding
amount of inoculum; * In second cultivation stage: height = 12 m; ? = adapted to Belgian conditions; ® = economic regression function; ¢ = Information supplier; =
adapted from spray dryer; ¢= removed the transport emissions; = Input at zero; & = Waste polyethylene {Europe without Switzerland}| market for waste
polyethylene; " = PE (waste treatment) {GLO}| recycling of PE; ' = Scrap steel {Europe without Switzerland}| market for scrap steel.
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Equations

The original MOMINLP problem can be formulated as follows:

Max NPV (byp,a)
Max AHH(bg p, @)
Max AED(bg, )
Max ARA(bgp, a)

s. t. Z bg,h = 1,
heH

s.t.0 < a < Maximum scale

s.t.h € {0,1}

In the MOO problem, equations (1-4) are the objectives, equation (5) ensures that for each process step exactly

one option is chosen and equation (6) and (7) determine the bounds on the variables.

VgeG heH
VgeGheH
VgeGheH
VgeGheH
VgeGa

The transformed MILP problem is formulated as follows:

Max NP V(xg.h.j.k.p) = NPVg,h,jkp * Xg,hjkp

input __ output
s.t. Z ag'h = z ag—l,h
heH heH
ouput __ _input
s.t. ag_h = ag_h *Vg,h

5.t.0 < agp;j < Mgp,j*bgp

't'zbg.h =1

%]

heH

s.t. Z dg,h,k.p =1
DEP

s.t. z Conip = Scalegny(xgn)
PEP

s.t. PPg,h,k,p—ldg,h,k,p < Cg,h,k,p < PPg,h,k.pdg,h,k,p

S.tohhg iy * Xgnjkp = Eit—AHH,ghj KD
s.t.edgnjkp * Xghjkp = Eit-AEQ,g,h.j k.
S. 6.1 hjkp * Xghjkp = Eit—ARS,gh,jkp

s.t. bg,hr dg,h,k,p € {0,1}

S.t.bgn, Ag,n,j» Cgnicpr dgnkp S Xgnjkp

VgeGheH,je] kekp€eP

VgeG

VgeG heH

VgeGheH,j€e]
VgeG

VgeGheHkek

VgeGheHje] kek

VgeGheHkekpeP

VgeGheH,je] kekp€eP
VgeG heH,je] kekpeP
VgeGheH,je] kekp€eP
VgeGheHkekpeP

VYVgeG,heH,je] kekpeP

(1)
(2)
(3)
(4)
(5)

(6)
(7)

(8)

%9

(10)

(11)
(12)

(13)

(14)

(15)

(16)
(17)
(18)
(19)
(20)

The two matrices (Ag and Aeq) and seven vectors (Bq, Beq, xo, npv, hh, eq, rs) which are used to transfer the problem

from Excel to Matlab are formulated as follows (where npv can be replaced by hh, eq or rs):
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Max npv * Xgp j kp
Aeq * xgpjkp = Beq
Aq * Xgpjkp < Bq
s.t.bgpn, dgnpp € {01},

s.t. bg,h' QAg,h,j» Cg,hk,pr dg,h,k,p cC x

VgeGheH,je] keKpeP
VgeGheH e ,keKpEP
VgeGheH,je] keKpeP
VgeEGheH e keKpEP
VgeGheH e ,keKpEP

(21)
(22)
(23)
(24)
(25)
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Process flow diagrams

Figures S1-S11 are the process flow diagrams of the Pareto-optimal scenarios of the MOO case study.

Salt Wate
289 tonyrt Aaier
4 12,888 m3yrt
CO;
584 ton-yrt Recycled medium,
-1
Nutrients 170 ktonyr™  fnergy Energy Energy Water Energy
332 ton-yr? 44 MWh-yr? 18 kWheyr 11 MWhyrt 6,881 m3yr? 1.3 GWh-yr?
Energy I I I _____ l
329 MWh-yrt T )
Y Algae biomass * Algae biomass + Algae biomass Algae biomass +
132 ton DW-yr? 132 ton DW-yr ! ~igae biomass ~dae biomass
of yr- - 128 ton DW-yr . 126 ton DW.yr Spray
Pond - IPC »| Centrifuge »| Washing = . ——
drying
0y emission CO, emission
141 ton-yr’ 343 ton-yr? l ¢ L
NH-_ emission N-O emission Wastewater Waste water Waste water
Ttonyrl ™ 0.5kgyr! 12 dam3.yr” 7 dam3-yr’ 1 dam3-yr’
Fig. S1 PFD Ns FLF scenario
Water
Water 3,772 m3yr!
29 dam3-yr! co,
£, 169 ton-yr"
1,300 ton-yr Nutrients i
Nutrients 799 kton-yr! 349 ton-yr! 795 ton-yrt
836 ton-yr* 1 Eneri -1 o
196 MWh-yr siend 195 MWh-yr 46 MWh-yr
Energy | 417 MWh-yr | |
1,115 MWh-yr" - ‘ :
&g@;_b\_oma_isl Y Algae biomass \J Al iom \J
293 ton DW-yr 2J—93 ton DW-yr? Pond stress 331 ton DW-yrt 331 ton DW-yr?
> - > > »
Pond - IPC | stage - IPC | Centrifuge
0, emission CO; emission NH; emission CO; emission $
313 tan'yr" 764 tan'yr'I 55 kg-yr'i 99 tcn'y.r'l
emission o | o NOemission Q. emission o | o N0 emission Tyt
3 ton-yr? 1.26 kg-yr 41 ton-yr* 22 gyr! 31 dam?-yr
Algae biomass
321 ton DW-yr’ Recycled fraction Energy Water
2 ton DWyr! 31 MWh-yr? 1 m3yr!
Energy Energy Energy Solid fraction n .
3,374 MWh-yr 860 MWh-yr 32,109 kWh-yr! 247 ton DW-yr”_gm| Evaporation Fertilizer
| | | Energy ! 245 ton DW-yr™*
i i 3 MWh-yr? J
A Algae biomass Algae biomass Y * Algae biomass v
305 ton DW-yr" 305 ton DW-yr* 308 ton DW-yr* Wastewater
R
# Spray drying Bead mill - Extraction - Separation — 1meyr
» Eneg;g Water
Hexane 1,681 MWh-yr' 34 m3.yr?
I o ST
Waste water Hexane emission Vacuum | » 8 ton-yr!
2 dam3.yr! 7 ton-yr! —| distillation
Liguid fraction
61 ton DW-yr! ¢
Recycled fraction Wastewater
608 kg DW-yr! 34 mayr!

Fig. S2 PFD Hp F scenario

Fish larvae feed

120 ton DW-yr™!

35



Salt

Sait
-1
e Water 542 ton-yr Water
1,479 ton-yr 12 dam3-yr? CcOo; 1,449 m3.yr?!
o 76 ton-yr!
586 ton-yr Recycled medium Nutrients Recycled medium
Nutrients 404 kton-yr? 157 ton-yr! 412 ton-yr
377 h;n-yr" Energy Energy Energy
95 MWh-yr! Energy - 96 MWh-yr 21 MWh-yr
Enerar | 201 MWh-yr |
503 MWh-yr' ~ ' !
4 Algae gigmgggl Y Al jom Al iom Y Algae biomass \J
oy yrt
132 ton DW-yr 132 ton DW-yr* Pond stress 149 ton DW-yr" 149 ton DW-yr
Pond - IPC ! - IPC »- Centrifuge
stage
0, emission CO; emission NH; emission CO; emission ¢
141 ton-yr? ™ 344 ton-yr! 25 kg-yr’! N T ton-yr!
Wast: I
NH:_emission N20 emission 0 emission N20 emission h fj;n“fyiﬂ
1 ton-yr 0.57 kg-yr'! 18 ton-yr”! 10 goyr!
Algae biomass -
145 ton DW-yr" R led fraction Energy Water
1 ton DW-yr 10 MWwh-yr 256 ."yr"
Soli )
Energy Water Energy Energy 89 L'angw.‘yp- )
53 MWh-yr' 36 dam3-yr- 1,469 MWh-yr! 25 MWh-yr ——= Evaporation Fertili
I _ I [ Energy " 88 ton DW-yr*
N 1 MWh-yr *
Algae biomass + Algae biomass Y + Algae biomass Y
140 ton DW-yr* 133 ton DW-yr* 135 ton DW-yr! Wastewater
-1
- Washing | Spray drying | Extraction - Separation — 256 Iyr
] Energy Water
Hexane 779 MWh-yr' 15 m3-yr!
l l 3 ton-yr’ A l -
B-carotene
Waste water Waste water Hexane emission Vacuum > 11 ton-yr™?
36 dam3.yr” 1 dam3.yr’ 3 ton-yr? distillation
Liquid fraction
46 ton DW-yr*
Recycled fraction
457 kg DW-yr*

Wastewater

15 m3-yr!

Fig. S3 PFD Ds F scenario

Water
Water 3,772 m3yr
29 dam3.yr!
C0;
C0; 169 ton-yr
1,300 ton-yr y Nutrients I L
Nutrients 799 kton-yr 349 tonyr’ 795 ton-yr
836 ton-yrt Energy Energy Energy
196 MWh-yr? Energy  _ 195 MWh-yr! 46 MWh-yrt
Energy \ 417 MWh-yr |
1,115 MWh-yr ~ |
4 Algae biomass Y i i Y Alga biomass Y
ot Algae biomass Algae biomass e
293 ton DWyr’ 293 ton DW-yr! Pond stress 331 ton DW-yr" 331 ton DWyr
Pond - IPC > stage = IPC = Centrifuge
o] i5Si CO. NH; emission CO; emission ¢ - .
313 tonyr? - 764 ton-yr 55 kg-yr! -+ 99 ton-yr' Fertilizer for rrl lin:
emission o | o, N0 emission Oz.emission N0 emission T " min.w
. x|
3 ton-yrt 1.26 kgryr 41 ton-yr! T2z gyt 3t gams-yr- ’
50 ton-yr’
321 ton DW-yr! Recycled fraction Energy Water Energy Water
2 ton DW-yr 32 MWh-yr! 1 m3yr! 219 MWh-yr 16 gam3.yr!
Sodraction — ¥
Energy Energy Energy 247 ton DW-yr™ Anaerobic
3,374 MWh-yr' 860 MWh-yr? 32,109 kWh-yr? Evaporation = = " .
Solid fraction digestion Biogas
: ! ! 3 fﬁ:%gf‘ 245 ton DW-yr™! » 64 dams.yrt
* Algae biomass * Al lomass — y * Algae biomass A
05 ton DW-yr™ 305 ton DW-yr’ 308 ton DW-yr? Wastewater
ER 1
Spray drying Bead mill - Extraction #-{ Separation Lmyr
Energy Water
Hexane 1,681 MWh-yr" 34 ma-yr'
l 7 tonyr! A l -
Waste water

2 dam3yr?!

Hexane emission
7 ton-yr?

Recycled fraction
608 kg DW-yr!

Vacuum
distillation

Li fr n
61 ton DW-yr"—l—

Wastewater
34 m3.yrt

Astaxanthin
8 ton-yr!

Fig. S4. PFD Hp AD scenario

36



Salt
Salt . Water 542 ton-yr! Water
1,479 ton-yr 12 dam3-yr! co; 1,450 m3yrt
Co: 76 ton-yr'!
586 tomyr! Recycled medium Nutrients i
Nutrients 404 kton-yr! 157 ton-yr! 412 ton-yr"
377 tonyrt Energy Energy Energy
95 MWh-yr? Energy 96 MWh-yr* 21 MWh-yr?
Energ \ 201 MWh-yr I |
503 MWh-yrt _ _
Algae biomass ¥ i Y Algae biomass Y
gt Algae biomass Algae biomass =
132 ton DW-yr 132 ton DW-yr! Pond stress | 149 ton DW-yr? 149 ton DW-yr
Pond i IPC = stage - IPC - Centrifuge
0; i co NH. i CO, i
141 oy’ ™ 344 tonyr 25kgyr [ 45 conyrt &
. A " 0, emissi i o Wastewater 7 tm: v
a—| o D0 emission emission |, N0 emission 14 dam3yr!
1 ton-yr 0.57 kg-yrt 18 ton-yr? 10 gy am3-yr
€O, for recyling
- 18 tonyrt
Algae biomass
145 ton DWoyr* Recycled fraction Energy Water Energy Water
10 MWheyr? 256 lyr? 79 MWhyr® & dam3-yr”
iy Bl Energy Energy Solid fraction Anaerobic
! o] el el 1 i ' "
53 leh yr! 36 dams-yr 1,469 MWh-yr 25 MWh-yr 89 ton Dw-yr-P| Evaporation e 3l digestion o __Bicgas
- ! [ 1 MWy 88 ton DW-yr™ 23 dam?-yr'
Algae biomass i Algae biomass Y * Algae biomass A +
40 ton DW-yr™ 133 ton DW-yr* 135 ton DW-yr’ Wastewater
. . . . 256 l-yr”
e/  Washing Spray drying Extraction = Separation 56 Iyr
- Energy Water
Hexane 779 MWh-yr! 15 m3.yr!
i 3 ton-yr? A i | _ _*_
Waste water Waste water Hexane emission Liquid fraction Vacuum >
36 dam3-yr 1 dam3-yr 3 ton-yr* 46 ton DW-yr™ distillation
Recycled fractio Wastewater
457 kg DW-yr 15 m3yr
Fig. S5 PFD Ds AD scenario
Water
Water 3,772 m3yr
29 damyr’ o,
0, . 169 ton-yr
1,300 ton-yr Recycled medium Nutrients Recycled medium
Nutrients 799 kton-yr? 349 ton-yr* 795 ton-yrt
836 ton-yr! Energy Energy Energy
196 MWh-yr? Energy - _ 195 MWh-yr! 46 MWh-yr’
} “?Mﬂwgn — | 417 MWh-yr I |
. yr N
Algae biomass ¥ Algae biomass —Y. Algae biomass L
293 ton DW-yr’ 293 ton DW-yr ! Pond stress 331 ton DW-yr! 331 ton DWyr
Pond - IPC = stage L IPC - Centrifuge
0: emission p CO: emission NH; emission p CO:emission ¢
313 tonyr ¥ 764 ton-yr’ 55 kgyr! ¥ 99 ton-yr’
NH; emission N.O emission 0, emission N0 emission ]
3ton-yr? > 1.2 kg-yr' 41 ton-yr’ 22 gyr?t 31 dam?-yr
Algae biomass -
321 ton DW-yr* Recycled fraction Eneray Water H,  Energy
v 2 ton DW-yr! 32 MWhiyr' 1 mayr! 3,480 kg-yr* 27 MWhyr
; »> Soyrt
f 11 m2yr
Sriegy fhegy Sletgy 247 ton DW-yr . "
3,374 MWh-yr 860 MWh-yr 32 MWh:-yr —# Evaporation - Gasification —.Sﬂ!ﬂis_tﬂlxﬂit
| | | Energy Solid fraction 1,397 MWh-yr*
) 245 ton DW-yr .
3 MWh:yr- Diesel .
v Algae biom v Algae biomass ¥ Algas biomass 12 myr
305 ton DW-yr ! 05 ton DW-yr™ 308 ton DWyr* Wastewater
e
Spray drying Bead mill Extraction - Separation Lmayr
Water
Hexane 1,681 MWh-yr” 34 m3-yr’
l 7 ton-yr! 4 l I_
Waste water Hexane emission Liquid fraction Vacuum | > 8 ton-yr*
2 dams-yr? 7 ton-yr” 61 ton DW-yr ™| gistiliation
Recycled fraction Wastewater
608 kg DW-yr™* 34 m3.yr!

Fig. S6 PFD Hp G scenario

37



Sait
542 ton-yrt

Gasoline
_’—’ amayrt

Diesel
4 m3yr!

it
A7 Water water
4 12 dam3.yr CO; 1,450 m-yrt
0 76 ton-yr!
586 ton-yr Recycled medium Recycled medium
. 404 kton-yr? 157 ton-yrt 412 ton-yr?
Suents, p— p— p—
95 MWh-yr! Energy - _ 96 MWh-yr" 21 MWh-yr?
Eneroy | 201 MWh-yr- | |
el — : .
203 Hih-yr Algae biomass _ ¥ Al fom: Algae biomass Y. Algae biomass Y
132 ton DW-yr 132ton DWYT™ | pord croce | 149 ton DW-yr? 149 ton DW-yr
Pond > IPC stage > IPC & Centrifuge
0, emission CO; emission NH. isSii CO; emission l
141 ton-yr? "™ 344 ton-yrt 25 kg-yr? 45 ton-yr!
NH3 emission N;0 emission O: emission N:0 emission FRe
Ttonyrt ™ 057 kgyr! 18 tonyr: ™ 10gyr 14 dam3-yr
Algae biomass
145 ton DW-yr'! Recycled fr Energy Water Ha Eneray
1 ton DW yr 10 MWh-yrt 256 lyr? 1,272 kg-yr! 10 MWh-yr?!
£ Solid fraction
ner 89 ton DW-yr?
53%% ” 36%“‘%{ " 1,469 MWh-yr* Eneray | Y ¢ ti - .
v am3-yr ; 25 MWh-yr vaporation Solid fract Gasification
- ﬁ‘ 1 ! N %r, 88 ton DW-yr!
. |
Algae biomass ¥ Algae biomass Y Y Algae biomass

140 ton DW-yr™"

133 ton DW-yr

135 ton DW-yr!

Wastewater
256 lyr!

Washing Spray drying Extraction = Separation
» Energy Water
Hexane 779 MWh-yr ' 15 m3-yrt
‘ ¢ Stonyr’ B ¢ 1 _
p  FBcarotene
Waste water Waste water He i Vacuum 11 ton-yr!
36 dam3yr! 1 dam3-yr? 3 ton-yr! distillation
Liquid fraction
46 ton DW-yr?
Recycled fraction Wastewater
457 kg DW-yr™ 15 m3yr!
Fig. S7 PFD Ds G scenario
Water
water 3,772 m3.yr
29 dam3.yr! co.
o, . 169 ton-yrt
1,300 ton-yr Recycled medium Nutrients I ium
Nutrients 799 kton-yr* 349 ton-yr’ 795 ton-yr?
836 ton-yr! Eneray Energy Energy
196 MWh-yr? Energy - _ 195 MWh-yr! 46 MWh-yr!
Energ | 417 MWh-yr* | X
1,115 MWh-yr? ™~
‘ $ Algae biomass ¥ Algae blomass Y Algae biomass v
yrh 1
293 ton DW-yr’ 293 ton DW-yr* pond stress | 331 ton DW-yr! 331 ton DW-yr
Pond IPC stage IPC - Centrifuge
0, emission CO; emission NH; emission €O, emission ¢
313 ton-yr? * > Zea ton-yr? 55 kg-yr't < > 99 ton-yr!
NH; emission N20 emission 0z emission N:Q emission %
3 ton-yr? - 7 kg-yr* 41 ton-yr’ - 2 gyr?!
321 ton DW-yr* i Energy Water Hy  Energy
on yr 2 ton DW-yr* 32 MWh-yrt 1 meyrt 4,670 kg-yr' 12 MWh-yr
o & . 247‘:2:0\/\; yr:—" > 15 mayrt
3,374 MWh-yr! 860 MWh-yr' 32 MWh-yr Evaporation — Torrefaction _.,&maa.s_tam_cn’a:
I I I 5 5%%{,1 245 ton DWoyr- 927 MWh-yr
P g 4 s V3 s Y e
05 ton DW-yr 305 ton DW-yr! 308 ton DW-yr! r
3.t
Spray drying Bead mill Extraction » Separation 1 meyr
Energy Water
Hexane 1,681 MWh-yr 34 m3yr
¢ 7 ton-yr! 4 l -
Waste water Hexane emission Liguid fraction Vacuum | > 8 ton-yr!
2 dam3-yr? 7 ton-yr? 61 ton DW- | Gistillation
Recycled fraction Wastewater
608 kg DW-yr* 34 m3yr”

Fig. S8 PFD Hp T scenario

Syngas +Biochar
— =
510 MWh-yr'

38



Sait

Salt .
542 ton-yr
il Water Water
1,479 ton-yr 12 dam3-yr co; 1,450 m3.yr!
CO: . 76 ton-yr’
586 ton-yr- Recycled medium Nutrients Recycled medium
404 kton-yr! 157 ton-yr?! 412 ton-yr*
3%—1 Energy Energy Energy
95 MWh-yr Energy - _ 96 MWh-yr! 21 MWh-yr!
Eneray \ 201 MWh-yr \
503 MWwh-yr! ! .
v Algae biomass Y Al fom: Al iom: Y Algae biomass A
oy Y] R 1
132 ton DW-yr 132 ton DWyr" | pord trecs | 149 ton DW-yr ! 149 ton DWyr
>
Pond IPC stage IPC Centrifuge
0 emission €O, emission NH; emission CO. emission *
141 ton-yr! 344 ton-yr! 25 kg-yr' 45 ton-yr?
Wastewater
NH; emission N:O emission 0; emission N0 emission 14 dam3.vr!
Ttonyr 4 057kgyrt 18 tonyr! P 10 gyt 14 dams-yr
Algae biomass -
145 ton DW-yr Recycled fraction Energy Water Ha Energy
1 ton DW-yr* 10 MWhyr? 256 [yt 1,707 kg-yr 4 MWh-yr
Solid fraction oyrd
Energy Water ; 46%_ - Energy 89 ton DW-yr’ ) 6 myr
53 MWh-yr 36 dam3-yr 7469 liWh-y 25 MWh-yr Evaporation — | Torrefaction Syngas +Biochar
L_. I Energy o > 339 Mwh-yr
! 1 MWk yr 88 ton DW-yr -
Algae biomass ¥ Algae biomass Y + Algae biomass L\ 4 6 m3-yrt
40 ton DW-yr 133 ton DW-yr! 135 ton DWyr” Wastewater
=
Washing Spray drying Extraction = Separation 256 byr
N Ener: Water
Hexane 779 MWh-yr' 15 m3pr!
l l 3 tonyr! 3 l -
Waste water W water Hex, Juili Vacuum >
36 dam®yr’ 1dam3yr? 3 ton-yr’ i distillation
46 ton DW-yr! i
Recycled fraction Wastewater
457 kg DW-yr! 15 m3yr!
Fig. S9 PFD Ds T scenario
Water
Water 3,772 m3yr!
29 dam?-yr o,
[} . 169 ton-yrt
1,300 ton-yr Nutrients I ium
Nutri 349 ton-yrt 795 ton-yr*
Sﬁtrﬂo?ﬁ‘ En Energy Energy
196 MWheyr? Energy - 195 MWh-yr’ 46 Mwh-yr!
Energ | 417 MWh-yr- | \
1,115 MWh-yrt ™~ .
¢ Algae biomass ¥ Y Algae biomass h |
293 ton DW-yr’ 293 ton DW-yr Pond stress 331 ton DWeyr! 331 ton DW-yr
Pond IPC stage - IPC # Centrifuge
0; emission CO; emission NH; emission CO; emission l
313 ton-yr? * > Zea ton-yr? 55 kg-yrt + = o9 ton-yr?!
NH; emission mission 0, emission %
Ftonyri % {26 kgyr! 41 ton-yrt *
Algae biomass
o i Hz Energy
321 ton DW-yr 2 ton DW-yr! 1 meyrt 6,079 kg-yr' 22 MWh-yr
lid fraction ] > 20 meyrt
Energy yr
3 374” :;Wh‘yr' kergy | Energy | 247 ton DWepr? i )
’ 1 860 MWh-yr 32 MWh-yr Evaporation T Pyrolysis
| | Energy et
| 3 MWhoyr! 245 ton DW-yr
¥ Algae biomass i Algae biomass ¥ * Algae biomass L4 21 m3.yr!
05 ton DW-yrt 305 ton DW-yr 308 ton DW-yr! r
Jayr !
Spray drying »| Bead mil ‘ | Extraction | Separation 1 m3yr
> Energy Water
Hexane 1,681 MWh-yr* 34 m3.yr
l 7tonyrt A l - _i
Waste water Hexane emission Liquid fraction Vacuum [ ™ 8 ton-yr!
2 dam3yr! 7 ton-yr! 61 ton DW-yr ™| gistillation
Recycled fraction Wastewater
608 kg DW-yr 34 mayr

Fig. S10 PFD

Hp P scenario

39



Gasoline
_’—’ 7 m3.yrt

Diesel
8 m3.yr!

i Sait
-1
AT water 542 ton-yr water
- 12 dam3-yr Co; 1,450 m3-yr*
&0 76 ton-yr!
586 ton-yr Recycled medium Nutrients Recycl ium
. 404 kton-yr! 157 ton-yrt 412 ton-yr!
utrients 1 Enert Enert Eny
377 ton-yr- Energy Lhergy
95 MWh-yr' Energy 96 MWh-yr" 21 MWh-yr?
502% L | 201 MWh-yr | |
- . 7 .
Algae biomass ¥ Al fom: Algae blomass Y. Algae biomass Y
132 ton DW-yr 132 ton DWoyr® [ o e | 149 ton DWyr? 149 ton DW-yr™*
ond stress y
Pond > IPC stage > IPC = Centrifuge
0, emission CO; emission NH3 emission CO; emission l
141 ton-yr’ ™ 344 ton-yrt 25kgyr! €T a5 tonyr
NH; emission N;0 emission Mission N, mission Ry
Ttonyr! ™ 057 kgyr! 18tonyr: * ™ i0gyr 14 dam3-yr
Algae biomass
145 ton DW-yr led fr Energy Water Hz  Energy
1 ton DW yr 10 MWh-yrt 256 |-yr? 2,221 kg-yr' 8 MWh-yr
Solid fractio
535%! {2 a)géai%r . Energy Energy 89 ton DW-yr* e i
yr am3-yr- 1,469 MWh-yr- 25 MWh-yr vaporation -
i | 1 MWh-yr &
Algae biomass Y Algae biomass ¥ Y Algae biomass
40 ton DW-yr'! 133 ton DW-yr! 135 ton DW-yr! Wastewater
ol
Washing Spray drying Extraction - Separation 256 Lyr
Energy Water
Hexane 779 MWh-yr' 15 m3.yr!
‘ Stonyr B ¢ -
Waste water Waste water Hexane emission Vacuum >
36 dam?yr* 1 dam3-yrt 3 ton-yr distillation
Recycled fraction Wastewater
457 kg DW-yr™ 15 m3-yr!

Fig. S11 PFD Ds P scenario

Syngas +Biochar
e
264 MWh-yr*

40



References

10.
11.

12.
13.
14.

15.
16.

17.

18.
19.

20.
21.
22.
23.
24.
25.
26.
27.

28.
29.

30.
31.

32.

33.

34.

35.
36.

M. Michiels, Ontwikkelingspad en kosten voor algenkweek nu en in de toekomst. Presentation at the
"Studiedag Vlaams Algenplatform rond economie van algen”. PNO Consultants N.V. Pegasus Park., 2013.
SolarGIS, https://solargis.info/imaps/#_ga=2.155517438.414205943.1516633627-
1595992153.1516633627, (accessed 22/01/2018).

Koninklijk  Meteorologisch  Instituut van Belgié, http://www.meteo.be/meteo/view/nl/360955-
Maandelijkse+normalen.html, (accessed Retrieved 22/01/2018).

A. Prieto, J. Pedro Canavate and M. Garcia-Gonzalez, Journal of Biotechnology, 2011, 151, 180-185.

A. H. Tafreshi and M. Shariati, World Journal of Microbiology and Biotechnology, 2006, 22, 1003-1006.
M. Garcia-Gonzalez, J. Moreno, J. P. Cafavare, V. Anguis, A. Prieto, C. Manzano, F. J. Florencia and M.
G. Guerrero, Journal of Applied Phycology, 2003, 15, 177-184.

M. R. Buehner, P. M. Young, B. Willson, D. Rausen, R. Schoonover, G. Babbitt and S. Bunch, 2009.

Z. Wu, W. Dejtisakdi, P. Kermanee, C. Ma, W. Arirob, R. Sathasivam and N. Juntawong, Biotechnology
and Applied Biochemistry, 2017, 64, 938-943.

Q. Hu, M. Sommerfeld, E. Jarvis, M. Ghirardi, M. Posewitz, M. Seibert and A. Darzins, The Plant Journal,
2008, 54, 621-639.

M. Takagi, Karseno and T. Yoshida, Journal of Bioscience and Bioengineering, 2006, 101, 223-226.

M. Garcia-Gonzalez, J. Moreno, J. C. Manzano, F. ]. Florencio and M. G. Guerrero, Journal of
Biotechnology, 2005, 115, 81-90.

T. J. Evens, R. P. Niedz and G. J. Kirkpatrick, Journal of Applied Phycology, 2007, 20, 411-422.

M. Olaizola, Journal of Applied Phycology, 2000, 12, 499-506.

M. C. Damiani, C. A. Popovich, D. Constenla and P. I. Leonardi, Bioresour Technol, 2010, 101, 3801-
3807.

J. Wang, M. R. Sommerfeld, C. Lu and Q. Hu, Algae, 2013, 28, 193-202.

M. L. Bartley, W. J. Boeing, A. A. Corcoran, F. O. Holguin and T. Schaub, Biomass and Bioenergy, 2013,
54,6 83-88.

S. E. Taelman, S. De Meester, L. Roef, M. Michiels and J. Dewulf, Bioresource Technology, 2013, 150,
513-522.

A. San Pedro, C. V. Gonzalez-Lépez, F. G. Acién and E. Molina-Grima, Algal Research, 2015, 8, 205-213.
B. P. Nobre, F. Villalobos, B. E. Barragan, A. C. Oliveira, A. P. Batista, P. A. S. S. Marques, R. L. Mendes,
H. Sovova, A. F. Palavra and L. Gouveia, Bioresource Technology, 2013, 135, 128-136.

D. Simionato, M. A. Block, N. La Rocca, J. Jouhet, E. Maréchal, G. Finazzi and T. Morosinotto, Eukaryotic
Cell, 2013, 12, 665-676.

B. Crowe, S. Attalah, S. Agrawal, P. Waller, R. Ryan, J. Van Wagenen, A. Chavis, J. Kyndt, M. Kacira, K.
L. Ogden and M. Huesemann, International Journal of Chemical Engineering, 2012, 2012, 1-9.

J. Van Wagenen, T. W. Miller, S. Hobbs, P. Hook, B. Crowe and M. Huesemann, Energies, 2012, 5, 731-
740.

J. C. Quinn, T. Yates, N. Douglas, K. Weyer, J. Butler, T. H. Bradley and P. J. Lammers, Bioresource
Technology, 2012, 117, 164-171.

R. S. Daniel and A. Srivastava, Journal of Algal Biomass Utilization, 2016, 7, 12-20.

M. R. Tredici, L. Rodolfi, N. Biondi, N. Bassi and G. Sampietro, Algal Research, 2016, 19, 253-263.

J. Yuan, A. Kendall and Y. Zhang, GCB Bioenergy, 2015, 7, 1245-1259.

K. L. Kadam, Microalgae production from power plant flue gas: Environmental implications on a life cycle
basis, National Renewable Energy Laboratory, 2001.

F. G. Acién, J. M. Fernandez, J. J. Magan and E. Molina, Biotechnology Advances, 2012, 30, 1344-1353.
0. Jorquera, A. Kiperstok, E. A. Sales, M. Embirugu and M. L. Ghirardi, Bioresource Technology, 2010,
101, 1406-1413.

J. Doucha, F. Straka and K. Livansky, Journal of Applied Phycology, 2005, 17, 403-412.

R. Ramanan, K. Kannan, A. Deshkar, R. Yadav and T. Chakrabarti, Bioresour Technol, 2010, 101, 2616-
2622.

K. D. Fagerstone, J. C. Quinn, T. H. Bradley, S. K. De Long and A. J. Marchese, Environmental Science &
Technology, 2011, 45, 9449-9456.

T. Mazzuca Sobczuk, F. Garcia Camacho, F. Camacho Rubio, F. G. Acién Fernandez and M. G. E.,
Biotechnology and Bioengineering, 2000, 67, 465-475.

E. Sierra, F. G. Acién, J. M. Fernandez, J. L. Garcia, C. Gonzalez and E. Molina, Chemical Engineering
Journal, 2008, 138, 136-147.

J. J. Milledge and S. Heaven, Environment and Natural Resources Research, 2011, 1.

E. Molina Grima, E. H. Belarbi, F. G. Acién Fernandez, A. Robles Medina and Y. Chisti, Biotechnology
Advances, 2003, 20, 491-515.

41



37.
38.

39.
40.
41.
42.
43.
44,
45.
46.
47.
48.

49.

50.

51.
52.

53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.

68.

69.
70.

71.

72.

73.
74.
75.

F. Piccinno, R. Hischier, S. Seeger and C. Som, Journal of Cleaner Production, 2016, 135, 1085-1097.
G. Leach, G. Oliveira and R. Morais, Journal of Industrial Microbiology and Biotechnology, 1998, 20, 82-
85.

Y. Liu, Y. Zhao and X. Feng, Applied Thermal Engineering, 2008, 28, 675-690.

Cuddon Freeze dry, https://www.cuddonfreezedry.com/products/fd300-freeze-dryer/).

J. Doucha and K. Livansky, Applied Microbiology and Biotechnology, 2008, 81, 431-440.

K. Vankova, Z. Onderkova, M. AntoSova and M. Polakovi¢, Chemical Papers, 2008, 62.

M. C. Ceron, 1. Campos, J. F. Sanchez, F. G. Acién, E. Molina and J. M. Fernandez-Sevilla, Journal of
Agricultural and Food Chemistry, 2008, 56, 11761-11766.

L. Lardon, A. Hélias, B. Sialve, J.-P. Steyer and O. Bernard, Environmental Science & Technology, 2009,
43, 6475-6481.

C. Capello, S. Hellweg, B. Badertscher and K. Hungerbihler, Environmental Science & Technology, 2005,
39, 5885-5892.

C.-C. Hu, J1.-T. Lin, F.-]J. Lu, F.-P. Chou and D.-J. Yang, Food Chemistry, 2008, 109, 439-446.

Omni Tech International, Life cycle Impact of Soybean Production and Soy Industrial Products, 2010.

G. Pokoo-Aikins, A. Nadim, M. M. El-Halwagi and V. Mahalec, Clean Technologies and Environmental
Policy, 2009, 12, 239-254.

R. Davis, C. Kinchin, J. Markham, E. C. D. Tan and L. M. L. Laurens, Process design and economics for
the conversion of algal biomass to biofuels: Algal biomass fractionation to lipid-and Carbohydrate-derived
fuel products, 2014.

H. Huo, M. Wang, C. Bloyd and V. Putsche, Life-Cycle Assessment of energy and greenhouse gas effects
of soybean-derived biodiesel and renewable fuels, Argonne National Laboratory, 2008.

L. Wu and Y. Liu, Fuel, 2016, 164, 352-360.

S. Grierson, V. Strezov, G. Ellem, R. McGregor and J. Herbertson, Journal of Analytical and Applied
Pyrolysis, 2009, 85, 118-123.

L. Xu, D. W. F. Brilman, J. A. M. Withag, G. Brem and S. Kersten, Bioresource Technology, 2011, 102,
5113-5122.

X. Liu, B. Saydah, P. Eranki, L. M. Colosi, B. Greg Mitchell, J. Rhodes and A. F. Clarens, Bioresource
Technology, 2013, 148, 163-171.

L. Ou, R. Thilakaratne, R. C. Brown and M. M. Wright, Biomass and Bioenergy, 2015, 72, 45-54.

R. Thilakaratne, M. M. Wright and R. C. Brown, Fuel, 2014, 128, 104-112.

H. H. Khoo, C. Y. Koh, M. S. Shaik and P. N. Sharratt, Bioresource Technology, 2013, 143, 298-307.

P. Collet, A. Hélias, L. Lardon, M. Ras, R.-A. Goy and J.-P. Steyer, Bioresource Technology, 2011, 102,
207-214.

A. C. Caputo, M. Palumbo, P. M. Pelagagge and F. Scacchia, Biomass & Bioenergy, 2005, 28, 35-51.

R. Mercken, De investeringsbeslissing. Een beleidsgerichte analyse, Garant, Antwerpen, 2004.

National Bank of Belgium, http://stat.nbb.be/index.aspx?lang=en&SubSessionld=93795c41-4887-4550-
8a6b-0ccb289bd6b8&themetreeid=1, (accessed 24.01.2018).

World Bank, Inflation, consumer prices (annual %),
https://data.worldbank.org/indicator/FP.CPI.TOTL.ZG, (accessed 24.01.2018).
OECD, Table II.1. Statutory corporate income tax rate,

http://stats.oecd.org/index.aspx?DataSetCode=TABLE_II1#, (accessed 24.01.2018).

R. E. Davis, D. B. Fishman, E. D. Frank, M. C. Johnson, S. B. Jones, C. M. Kinchin, R. L. Skaggs, E. R.
Venteris and M. S. Wigmosta, Environmental Science & Technology, 2014, 48, 6035-6042.

L. Peeters, E. Schreurs and S. Van Passel, Environmental and Resource Economics, 2015, 66, 135-168.
T. J. Lundquist, I. C. Woertz, N. W. T. Quinn and J. R. Benemann, A realistic technology and engineering
assessment af algae biofuel production, Energy Biosciences Institute. University of California. Berkeley,
California, 2010.

AZALP Pahlen Aqua Mex compleet 70 kw - Titanium,
http://www.azalp.be/zwembadverwarming/warmtewisselaars/10875http://www.azalp.be/zwembadver
warming/warmtewisselaars/10875, (accessed 23/01/2018).

AZALP Pahlen Aqua Mex compleet 70 kW - Incoloy, https://www.azalp.be/pahlen-aqua-mex-compleet-
70-kw-incoloy.htm, (accessed 04/06/2018).

De Minister van Economische Zaken, Journal, 2013.

N.-H. Norsker, M. J. Barbosa, M. H. Vermué and R. H. Wijffels, Biotechnology Advances, 2011, 29, 24-
27.

ANL; NREL; PNNL, Renewable diesel from algal lipids: an integrated baseline for cost emissions and
resource potential from a harmonized model, Argonne, IL: Argonne National Laboratory; Golden, CO:
National Renewable Energy Laboratory; Richland, WA: Pacific Northwest National Laboratory, 2012.

J. N. Rogers, J. N. Rosenberg, B. J. Guzman, V. H. Oh, L. E. Mimbela, A. Ghassemi, M. J. Betenbaugh, G.
A. Oyler and M. D. Donohue, Algal Research, 2014, 4, 76-88.

J. Gong and F. You, AIChE Journal, 2014, 60, 3195-3210.

J. Sikder, M. Roy, P. Dey and P. Pal, Biochemical Engineering Journal, 2012, 63, 81-87.

J. G. Rogers and J. G. Brammer, Biomass and Bioenergy, 2012, 36, 208-217.

42



76.
77.

78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.

97.
98.

100.
101.
102.
103.
104.
105.
106.

107.

108.

109.

110.

A. V. Bridgwater, Biomass and Bioenergy, 2012, 38, 68-94.

Eurostat, Labour cost levels by NACE Rev. 2 activity
http://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=Ic_Ici_lev&lang=en, (accessed 24.01.2018).

Eurostat, Electricity prices for non-household consumers - bi-annual data (from 2007 onwards),
http://ec.europa.eu/eurostat/web/energy/data/database, (accessed 24.01.2018).

Eurostat, Gas prices for non-household consumers - bi-annual data (from 2007 onwards),
http://ec.europa.eu/eurostat/data/database, (accessed 24.01.2018).

VMM, www.vmm.be, (accessed 16/12/2015).

VMM, Berekeningswizard Heffingen, http://berekeningswizard.heffingen.be, (accessed 16/12/2015).

M. S. Peters, K. D. Timmerhaus and R. E. West, Plant design and economics for chemical engineers. Fifth
Edition, McGraw-Hill, New York, 2003.

u.S. Geological Survey, Mineral Commodity Summaries,
http://minerals.usgs.gov/minerals/pubs/commaodity/salt/).

MBFerts, Haifa Multi-K Greenhouse Potassium Nitrate Saltpeter KNO3, http://www.mbferts.com/Haifa-
Multi-K-Greenhouse-Potassium-Nitrate-Saltpeter-KNO3-625.htm, (accessed 25.01.2018).

Intra Laboratories, Sodium Bicarbonate, http://www.intralabs.co.uk/sodium-bicarbonate/1050kg-
sodium-bicarbonate.html, (accessed 25.01.2018).

MBFerts, Haifa MKP Mono Potassium Phosphate BLOOM Booster, http://www.mbferts.com/Haifa-MKP-
Mono-Potassium-Phosphate-BLOOM-Booster-Fertilizer-535.htm, (accessed 25.01.2018).

MBFerts, Haifa Bitter-Mag Horticultural Grade Magnesium Sulfate Epson, http://www.mbferts.com/Haifa-
Bitter-Mag-Horticultural-Grade-Magnesium-Sulfate-Epsom-700.htm, (accessed 25.01.2018).

S. P. Global, Solventswire,
https://www.platts.com/IM.Platts.Content/ProductsServices/Products/solventswire.pdf, (accessed
25.01.2018).

Methanex, Methanex Methanol Price Sheet, https://www.methanex.com/, (accessed 7/06/2018).
Intratec, Caustic Soda Price History, https://www.intratec.us/chemical-markets/caustic-soda-prices,
(accessed 07/06/2018).

De Oplosmiddelspecialist, https://www.deoplosmiddelspecialist.nl/kopen/zoutzuur, (accessed
07/06/2018).

Schippers, Citroenzuur, 25 kg, https://www.schippers.be/nl/citroenzuur-25-kg-2909577.html, (accessed
07/06/2018).

D. Fraile, J.-C. Lanoix, M. Patrick, A. Rangel and A. Torres, Overview of the market segmentation for
hydrogen across potential customer groups, based on key application areas, CertifHy,, 2015.

Proviron, NannoPrime, https://algae.proviron.com/nannoprime.html, (accessed 07/06/2018).

L. Brennan and P. Owende, Renewable and Sustainable Energy Reviews, 2010, 14, 557-577.

A. C. Guedes, H. M. Amaro and F. X. Malcata, Marine Drugs, 2011, 9, 625-644.

M. A. Hejazi and R. H. Wijffels, Trends Biotechnol, 2004, 22, 189-194.

Pharmacompass, https://www.pharmacompass.com, (accessed 17.01.2018).

A. Richmond, Handbook of Microalgal Culture Biotechnology and Applied Phycology, Blackwell Science,
2004.

R. Pacheco, A. F. Ferreira, T. Pinto, B. P. Nobre, D. Loureiro, P. Moura, L. Gouveia and C. M. Silva, Energy
Conversion and Management, 2015, 89, 789-797.

R. Raja, S. Hemaiswarya, N. A. Kumar, S. Sridhar and R. Rengasamy, Critical Reviews in Microbiology,
2008, 34, 77-88.

S. P. Cuellar-Bermudez, I. Aguilar-Hernandez, D. L. Cardenas-Chavez, N. Ornelas-Soto, M. A. Romero-
Ogawa and R. Parra-Saldivar, Microbial Biotechnology, 2015, 8, 190-209.

P. Spolaore, C. Joannis-Cassan, E. Duran and A. Isambert, Journal of Bioscience and Bioengineering,
2006, 101, 87-96.

G. Markou and E. Nerantzis, Biotechnology Advances, 2013, 31, 1532-1542.

EIA, Gasoline and diesel fuel update, https://www.eia.gov/petroleum/gasdiesel/, (accessed 07/06/2018).
Marketinsider, Naphthapreis (European),
http://markets.businessinsider.com/commodities/naphthapreis, (accessed 07/06/2018).

Persistence Market Research, Global Organic Fertilizers Market to Reach US$ 10.23 billion by 2025,
http://www.persistencemarketresearch.com/mediarelease/organic-fertilizer-market.asp, (accessed
07/06/2018).

L. I. Litvinenko, A. I. Litvinenko, E. G. Boiko and K. Kutsanov, Chinese Journal of Oceanology and
Limnology, 2015, 33, 1436-1450.

Research and Markets, Global Beta Carotene Market Size, Market Share, Application Analysis, Regional
Outlook, Growth Trends, Key Plauers, Competitive Strategies and Forecasts, 2017-2025, 2017.
Research and Markets, Global Astaxanthin Market - Sources, Technologies and Application,
https://www.researchandmarkets.com/reports/3129287/global-astaxanthin-market-sources-
technologies, (accessed 07/06/2018).

IEA, 2017.

43



112.

113.

114.

115.

116.

117.

118.

119.

120.
121.

122.
123.

124.
125.
126.
127.
128.
129.
130.

131.
132.
133.
134.

135.
136.
137.
138.
139.
140.
141.
142.
143.

144.
145.
146.

147.
148.
149.
150.
151.
152.
153.
154.
155.
156.

MarketWatch, Glycerin Market And Industry Analysis Retail Research, Survey, Global Forecast to 2018,
https://www.marketwatch.com/press-release/glycerin-market-and-industry-analysis-retail-research-
survey-global-forecast-to-2018-2018-03-20, (accessed 03.07.2019).

Grand View Research, Naphtha market Analyis By Application (Chemical, Energy & Fuel) And Segment
Forecasts to 2022, https://www.grandviewresearch.com/industry-analysis/naphtha-market, (accessed
07/06/2018).

T. W. Zhang and D. A. Dornfeld, in Advances in Life Cycle Engineering for Sustainable Manufacturing
Businesses, eds. S. Takata and Y. Umeda, Springer, London, 2007, DOI: https://doi.org/10.1007/978-1-
84628-935-4_33.

R. Frischknecht, N. Jungbluth, H.-]. Althaus, G. Doka, R. Dones, T. Heck, S. Hellweg, R. Hischier, T.
Nemecek, G. Rebitzer and M. Spielmann, The International Journal of Life Cycle Assessment, 2004, 10,
3-9.

R. Hischier, S. Hellweg, C. Capello and A. Primas, The International Journal of Life Cycle Assessment,
2004, 10, 59-67.

B. P. Weidema, C. Bauer, R. Hischier, C. Mutel, T. Nemecek, J. Reinhard, C. O. Vadenbo and G. Wernet,
Overview and methodolody. Data quality quideline for the ecoinvent database version 3. Ecoinvent Report
1 (v3). The ecoinvent Centre. Swiss Centre for Life Cycle Inventories, St. Gallen, 2013.

P. Collet, L. Lardon, A. Hélias, S. Bricout, I. Lombaert-Valot, B. Perrier, O. Lépine, J.-P. Steyer and O.
Bernard, Renewable Energy, 2014, 71, 525-533.

Rotary power, Radial piston motors, http://www.rotarypower.com/wp-content/uploads/2015/12/sma-
range.pdf, (accessed 26.01.2018).

J. H. de Vree, Doctor Doctoral thesis, Wageningen University, 2016.

Flottweg, The Flottweg disk stack centrifuge, https://www.flottweg.com/fileadmin/user_upload/data/pdf-
downloads/Separator-EN.pdf, (accessed 26.01.2018).

K. Ciesielski and I. Zbicinski, Drying Technology, 2010, 28, 1091-1096.

P. V. S. N. Vani, A. S. Chida, R. Srinivasan, M. Chandrasekharam and A. K. Singh, Synthetic
Communications, 2006, 31, 219-224.

S. Tang and H. Zhao, RSC Advances, 2014, 4, 11251.

F. D. Bauer, G. D. Kéhler, M. D. Neumann, H. G. D. Poll and H. Winkler, Journal, 2003.

Y. Feng, H. Yin, A. Wang, T. Xie and T. Jiang, Applied Catalysis A: General, 2012, 425-426, 205-212.
M. S. Newman and C. Vander Zwan, J. Org. Chem., 1973, 38.

WO Pat., WO2010046199A2, 2010.

WO Pat., WO2004018400A1, 2004.

B. Drapal, F. D. Hibner, K. D. Huthmacher, S. D. Krill, S. D. Nongyuan, R. Peter and C. D. Weckbecker,
Journal, 2001.

Y. Markovich, D., Pharmaceutical Chemistry Journal, 1998, 32, 36-38.

0. Litzmann, J. U. P. Repke, P. D. Hanselmann and A. D. Heyl, Journal, 2012.

US Pat., US2451740A, 1948.

M. Slotte, G. Metha and R. Zevenhoven, International Journal of Energy and Environmental Engineering,
2015, 6, 233-243.

CN Pat., CN100457704C, 2009.

Q. Z. Shahabuddin, N. N. Subhash, D. K. Manohar and B. B. Mahadeo, Journal, 2011.

0. Isler, H. Lindlar, M. Montavon, R. Riegg and P. Zeller, Helvetica Chimica Acta, 1956, 39, 249-259.
EN#&, Journal, 2004.

CN Pat., 103833543A, 2014.

D. Reardan and M. Combe, Journal, 2007.

B. Reichart, G. Tekautz and C. O. Kappe, Organic Process Research & Development, 2012, 17, 152-157.
WO Pat., WO2005082911A1, 2005.

M. M. Midland and F. Gallou, in Encyclopedia of Reagents for Organic Synthesis, John Wiley & Sons, Ltd,
2001, DOI: 10.1002/047084289X.rl035.pub2.

CN Pat., 102826954A, 2012.

R. A. Urban and B. R. Bakshi, Ind. Eng. Chem. Res., 2009, 48, 8068-8082.

R. I. Khusnutdinov, A. R. Bayguzina and R. I. Aminov, Russian Journal of General Chemistry, 2016, 85,
2725-2727.

CN Pat., CN101633610B, 2009.

US Pat., US5276197A, 1994.

DE Pat., DE3544720C1, 1986.

Organic Syntheses, Journal, 1940, DOI: 10.15227/orgsyn.020.0006.

US Pat., 5,874,632, 1999.

H. Ernst, Pure Appl. Chem., 2002, 74, 2213-2226.

US Pat., 5,455,362, 1995.

US Pat., 6,756,024, 2004.

WO Pat., WO2007115832A1, 2007.

DE Pat., DE10236578A1, 2002.

44



157.
158.

159.
160.
161.
162.
163.
164.

165.
166.

167.
168.

169.

170.
171.

172.

WO Pat., WO2006039685, 2004.

M. Wang, P. Wang, Q. Tian, J. Liu, J. Deng, N. Li and J. Zhou, Research on Chemical Intermediates, 2015,
41, 8891-8906.

US Pat., 4,212,831, 1980.

K. Ding, H. Metiu and G. D. Stucky, ACS Catalysis, 2013, 3, 474-477.

Y. Zhang, W. Zhu, Y. L. Liu, H. Wang, K. Wang, K. Li, J. H. No, L. Ayong, A. Gulati, R. Pang, L. Freitas-
Junior, C. T. Morita and E. Old-Field, ACS Med Chem Lett, 2013, 4, 423-427.

WO Pat., WO2003062251A1, 2003.

US Pat., 3,708,548, 1973.

Y. Yamada, K. Qiao, Q. Bao, D. Tomida, D. Nagao, M. Konno and C. Yokoyama, Catalysis Communications,
2009, 11, 227-231.

G. Wittig and F. Bickelhaupt, Chemische Berichte, 1958, 91, 865-872.

H. C. Greenwell, L. M. L. Laurens, R. J. Shields, R. W. Lovitt and K. J. Flynn, Journal of The Royal Society
Interface, 2009, 7, 703-726.

N. L. Pelletier, Master of Environmental Studies Dalhousie University, 2006.

Eurostat, Treatment of waste category, hazardousness and waste operations [env_wastrt],
http://ec.europa.eu/eurostat/data/database, (accessed 26.01.2018).

A. B. Gala, M. Raugei and P. Fullana-i-Palmer, The International Journal of Life Cycle Assessment, 2015,
20, 645-654.

J. Johnson, B. K. Reck, T. Wang and T. E. Graedel, Energy Policy, 2008, 36, 181-192.

S. Gupta, K. Mohan, R. Prasad, S. Gupta and A. Kansal, Resources, Conservation and Recycling, 1998,
24, 137-154.

L. Pourzahedi and M. J. Eckelman, Environ. Sci.: Nano, 2015, 2, 361-369.

45



