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APPENDICES

Appendix A Life Cycle Inventor)' (LCD

Table A1 Results of the inventory analysis of sugarcane cultivation in Thailand 
(MTEC, 2012)

Inventory of sugarcane cultivation
Input Output

Type Amou lit Unit Type Amount Unit
Chemical Product

“Fertilizer (N) I.78E-03 kg Sugarcane 1 kg
Fertilizer (P) 8.29E-04 kg ,
Fertilizer (K) 7.39E-04 kg Co-product
Paraquat I.29E-05 kg Cane trash - 0% burning 0.199 kg
Atrazine 4.50E-05 kg
Anietryne 3.2 IE-05 kg Air emissions
2.4-D 1.29E-05 kg Carbon monoxide 8.84E-07 kg

Nitrogen oxide 1.04E-06 kgFuel/Electricity PM 10 I.72E-07 kg
Diesel 1.2 IE-03 kg sulfur dioxide 3.38E-07 kg

Methane 4.31E-09 kg
Nitrogen dioxide 1.92E-08 kg
Carbon dioxide 3.96E-03 kg

Table A2 Results of the inventory analysis of sugarcane ethanol conversion (Ornetto 
et al. 2010)

Inventory of sugarcane ethanol conversion
Input Output

Type Quantity Unit Type Quantity' Unit
Raw material Product
Sugarcane 14.706 kg Ethanol (96%) 1 kg
Water 11 8.613 kg Co-productChemical Vinasse 20.625 kg
Sulfuric acid I.13E-02 kg Bagasse 4.265 kg
Fuel/Electricity Water emissions
Steam 2.75 kg Sulfuric acid 1.13E-02 kg
Electricity 0.344 kWh
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Table A3 Results of the inventory analysis of ethanol dehydration

Inventory of ethanol dehydration
Input Output

_______ Type_______ Quantity Unit Type Quantity Unit
Raw material Product
Ethanol (96%) 1.04 kg Ethanol (99.5%) 1 kg
Make up cooling พล- 2.79 kg
ter Air emission_

Water 4.I2E-02 kgFuel/Electricity I.I0E-02 kWh
Electricity _

Table A4 Results of the inventory analysis of sugar milling in Thailand (MTEC.
2012)

Inventory of sugar millingInput Output
Type Amount Unit Type Amount Unit

Raw material - Product
Sugarcane plant 1000 kg Raw sugar 109.57 kg
Energy Co-product -
Steam 450 kg Molasses 36.28 kg
Electricity 17.37 kWh Bagasse 290 kg
Chemical -
Lime 2.1 1 kg
Sodium chloride 0.78 kg
Hydrochloric acid 4.50E-04 kg
S ib: 2 31E-03 kg
Biocide 3.66E-03 kg
Aluminium sulfate 3.73E-03 kg
Caustic soda flake I.16E-03 kg
Flocculants 0.0386 kg
Miscellaneous 5.72E-03 kg
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Table A5 Results of the inventory analysis of molasses ethanol conversion (KAPI.
2008)

Inventory of molasses ethanol conversion
Input Output
Type Quantity Unit Type Quantity Unit

Raw material Product
Molasses 4500 kg Ethanol 1000 kg
Water 15.838 เท1

Co-productFuel/Electricity Biogas recovery 208.75 nr
Stream 3112.5 kg Yeast residue 11.088 kg
Electricity 362.5 kWh

Table A6 Results of the inventory analysis of cassava cultivation (Khongsiri. 2009).

Inventory of cassava cultivation
Input OutputType Quantity Unit Type Quantity Unit

Raw material Products
Cassava stems 345 piece Cassava root 1000 kg
Cassava peel 1076 kg Cassava residue 555.048 kgChicken manure 2580 kg Cassava stems 872 piece
N-fertilizer 1.249 kg
P-fertilizer 0.7 kg Air emissions
K-fertilizer 1.336 kg Carbon dioxide 8.315 kg
Alachlor 0.096 kg Nitrogen oxide 0.171 kg
Paraquat 0.15 kg Sulfur dioxide 0.011 kg
Glvphosate 0.292 kg Nitrous oxide 0.044 kg
Zinc 0 086 kg Ammonia 0.264 kg

Volatile organic compound 0.058 kgFuel
Diesel 2.475 kg
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Table A7 Results of the inventory analysis of cassava chips production (Silaler-
truksa and Gheewala, 2011)

Inventory' of cassava chips production
In put Outpiit

Type Quantity Unit Type Quantity Unit
Raw material Product
Cassava roots 2100 kg Cassava chips 1000 kg

Rhizome 11.59 kgFuel/Eleetricity Sand 8.26 kgDiesel II.0552 kg Air emissions
Carbon monoxide 0.00804882 kgNitrogen oxide 0.0094692 kgPM 10 0.00156242 kg

- sulfur dioxide 0.00307749 kgMethane 3.9297E-05 kg
Nitrogen dioxide 0.00017518 kg
Carbon dioxide 36.077652 kg

Table A8 Results of the inventory analysis of cassava ethanol conversion (KAPI. 
2008)

Inventory' of cassava ethanol conversion
In >ut Output

Type Quantity Unit Type Quantity Unit
Raw material Product -
Cassava chips 3083.75 kg Ethanol 1000 kgWater 10.9375 nr

Co-product
Fuel/Electricity Biogas recovery 100 ทา’
Electricity 262.5 kWh DDGS production 250 kg
Steam 3375 kg Yeast residue 11.0875 kgCarbon dioxide 916.67 kg
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Table A9 Results of the inventory analysis of one ton of cassava starch with biogas
production line (MTEC, 2012)

Inventory of cassava starch with biogas production line
Input Output

Item Quantity Unit Item Quantity Unit
Raw material Product
cassava root 4,500 kg Cassava starch 1000 kg
Sulfur 0.554 kg
Water 12.665 111’ By products

- Cassava peel 248.6 kgFuel/Electricity Rhizome 24.836 kg
Electricity 201.775 kWh Cassava residue 460.47 kg
Fuel oil 1.189 kg Sand 17.71 kg

Biogas 79.492 ill

Air emissions
Carbon monoxide 0.0007569 kg
Nitrogen oxide 0.0025735 kg
PM 10 0.0002927 kg
sulfur dioxide 0.0075691 kg
Methane 0.0001564 kg
Nitrogen dioxide 1.716E-05 kg
Carbon dioxide 3.9561028 kg -
Water emissions
Waste water 19.628 111’
BOD 0.927 kg
COD 4.17 kg
Suspended solids 3.326 kg
TDS 65.661 kg

- Oil & grease 0.216 kg
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Table A10 Results of the inventory analysis of cassava sugar production (MTEÇ
2 0 1 2 )

Inventory of sugar from cassava sugar production
Input Output

Item Quantity Unit Item Quantity Unit
Raw material Product
cassava starch 1050 kg Sugar(D-glucose) 1000 kg
Sulfuric acid ( 100%) 1.207 kg
Sodium hydroxide 0.756 kg Air emissions
Water 27 nr Carbon monoxide 0.003979 kg

Nitrogen oxide 0.0135286 kgFuel/Electricity PM 10 0.0015385 kg
Fuel oil 6.250457 kg sulfur dioxide 0.0397899 kg
Electricity 144 kWh Methane 0.0008223 kg

Nitrogen dioxide 9.019E-Û5 kg
Carbon dioxide 20.796847 kg
Water emissions
Waste water 6.89 เท,

Table A ll Results of the inventory analysis of BSA production (Cok et ah, 2013)

Inventory of biosuccinic acid production
Input Output

Type Amount Unit Type Amount Unit
Raw material Product
Sugar 1.I I 72 kg Succinic acid 1 kg
Process water 31 kg
HCI 30% 0.0752 kg Co-product
Ca(OH): 0.1)528 kg Biogas 0.0416 ทา,

Fuel/Electricity Soil emissions
Total steam 3.114 kg Waste sludge 0.001 kg
Electricity 1.672 kWh



1 0 2

Table A 12 Results of the inventory analysis of LA production (Andreanne, 2010)

Inventory o f lactic acid from sugar
Input O utput

Type Amount Unit Type Amount Unit

Raw material Product
Dextrose I l  1 kg Lactic acid (88%  wt) 1 kg
Tap water ( 15°C) 11.11 kg
CSL 1.08 kg Co-product
Calcium hydroxide 0.37 kg Gypsum (pure, dry, weight) 0.67 kg
Cooling water 391.7 kg
Sulphuric acid 0.49 kg Waste

Sludge 0.12 kg
Fuel/Electricity
Saturated steani 4.86 kg W ater em issions
(12 l ° c .  1.1 bar) 
Electricity 0.0015 kWh

W astewater 11 kg

Table A13 Results of the inventory analysis of cassava rhizome ethanol conversion 
(Mangnimit et ah. 2013)

Inventory o f cassava rhizome ethanol conversion
Input Output

Type Quantity Unit ___________ Type Quantity Unit
Raw material Products
Cassava Rhizome 3.166 kg Ethanol 99.5%  wt. 1 kg
Sulfuric acid 0.052 kg
Water 3.6071 kg Co-products
Lime 0.0361 kg Gypsum 0.0664 kg
Make up cooling water 16.1276 kg
Amm onia 0.0007 kg Air emissions

W ater 0.5713 kg
Eleetrieity/Heat Furfural 0.02384 kgSteam 4.4635 kg Ethanol 0.0627 kgElectricity 0.2071 kW Carbon dioxide 1.0302 kg

Oxygen 0.00182 kg
Acetic acid 0.00003 kg
W ater emissions
Treated water 3.6223 kg
Sulfuric acid 0.0042 kg
Acetic acid 0.0035 kg
Furfural 0.0249 kg

.
Ethanol 0.0173 kg
W aste
Bio waste 0.3243 kg
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Table A14 Results of the inventory analysis of electrical energy cogeneration
(พ itayapairot. 2 0 1 0 )

Inventory of electricity' from bagasse
Input Output

Type Amount Unit Type Amount Unit
Raw material Product
Bagasse _ 3.5 kg Electricity 1.(1 kWh
Water 1.624 kg Steam 10.286 kg
Fuel/Eleetricity Air emissions
Diesel 0.0483 kg Carbon dioxide 0.1730 kg

Carbon monoxide 0.0062 kgNitrogenoxide 0.0015 kgSulfur dioxide 0.0007 kgMethane 0.0000 kgSPM 0.0001 kgTSP 0.0000 kgHydrocarbon 0.0000 kg
Water emissions
Blowdown water 0.2410 kg
Soil emissions

' Ash 0.1050 kg

Table A15 Results of the inventory analysis of cassava pulp biogas production 
(Godson. 2012)

Inventory of biogas production from cassava pulp
Input Output

_______ Type________ Amount Unit Type Amount Unit
Raw material
Cassava pulp 1000 kg

Product
Biogas 64.5 m3
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Table A16 Results of the inventory analysis of electricity from biogas
(Chinnawomrungsee et al., 2013)

Inven to ry  of e lectric ity  from  biogas
เท put O u tp u t

Type A m ount Unit Type A m ount Unit

Raw m ate ria l P rod uct
Biogas 1 เท' Electricity from biogas 1.2 kWh

A ir em issions
Carbon monoxide 0.0001 kg
Nitrogen oxide 0.0005 kg
PM 10 0.0008 kg
PM2.5 0.0008 kg

"

Sulfur dioxide 0.0001 kg

Table A17 Results of the inventory data of feedstocks transportation for 1 ton- 
kilometer (tkm) ( 1 km for no load) for 10-wheel truck at full load 16 tons (MTEC.
2012)

T ype of load
Type Unit No load 50%  load 75%  load Full load

Inpu t
Diesel kg 0.1775 0.0273 0.0194 0.0150
O u tp u t
Carbon dioxide a 519.97 86.42 61.41 47.37
Carbon monoxide o 1.7813 0.2961 0.2 104 0.1623
Nitrogen oxides a5 5.3549 0.89 0.6324 0.4879
Particulate matter a 0.4014 0.0667 0.0474 0.0366
H ydrocarbons o 0.465 0.0773 0.0549 0.0424
M ethane a 0 01 12 0.0019 0.0013 0.001
Benzene a 8.84E-03 I.47E-03 I.04E-03 8.05E-04
Toluene oร» 3.72E-03 6.I8E-04 4.39E-04 3.39E-04
Xylene a5 3.72E-03 6.I8E-04 4.39E-04 3.39E-04
Non -  methane volatile a 0.9586 0.1475 0.1048 0.0809organic compounds 
Sulfur oxides oร» 0.1209 0.0186 0.0132 0.0102
Nitrous Oxide o5 0.0218 0.0033 0.0024 0.0018
Cadmium a I.73E-06 2.66E-07 1.89E-07 1.46E-07
Copper a 2.94E-04 4.52E-05 3.2 IE-05 2.48E-05
Chromium a 8.64E-06 1.33E-06 9.45E-07 7.29E-07
Nickel a5 1.2 IE-05 I.86E-06 I.32E-06 I.02E-06
Selenium a5 I.73E-06 2.66E-07 I.89E-07 1.46E-07
Zinc o5 I.73E-04 2.66E-05 I.89E-05 I.46E-05
Lead o5 I.90E-08 2.92E-09 2.08E-09 I.60E-09
M ercury a 3.46E-09 5.32E-I0 3.78E-I0 2.9 IE -10
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Appendix B Life Cycle Impact Assessment (LCIA)

Table B1 Results of the impact assessment 1 kg sugarcane based ethanol by using 
CML 2 baseline 2000 V2.03 / World, 1990

Im pact category Unit T otal Stage 1 S tage 2 Stage 3 Stage 4 .
abiotic depletion kg Sb eq -0.0173 0.0013 0.0009 0.0000 -0.0194
global warming (G W P100) kg C 0 2  eq -1.8065 0.3062 0.1343 0.0000 -2.2471
ozone layer depletion (ODP) kg C F C -11 eq 0.0000 0.0000 0.0000 0.0000 _0.0000
human toxicity kg 1.4-DB eq -0.5024 0.0061 0.0061 0.0000 *0 5146
fresh water aquatic ecotox. kg 1.4-DB eq -0.0334 0.0007 0.0000 0.0000 -0.0342
marine aquatic ecotoxicity kg 1,4-DB eq -287.6359 4.3913 0.0877 0.0000 -292.1149
terrestrial ecotoxicity kg 1.4-DB eq -0.0095 0.0001 "0.0000 0.0000 -0.0096
photochemical oxidation kg C2H4 0.0000 0.0000 0.0000 0.0000 0.0000
acidification kg S 0 2  eq -0.00 โ7 0.0012 0.0008 0.0000 -0.0037
eutrophication kg P 0 4 —  eq 0.0001 0.0001 0.0002 0.0000 -0.0002

Table B2 Results of the impact assessment 1 kg sugarcane based ethanol by using 
Eco-indicator 95 V2.03 / Europe e

Im pact category Unit T o ta l Stage 1 Stage 2 Stage 3 Stage 4
greenhouse kg C 02 -1.7872 0.2896 0.1337 0.0000 -2.2104
ozone layer k g C F C II 0.0000 0.0000 0.0000 0.0000 0.0000
acidification kg S02 -0.0011 0.0013 0.0011 0.0000 -0.0034
eutrophication kg P04 0.0001 0.0001 0.0002 0.0000 -0.0002
heavy metals kg Pb 0.0000 0.0000 0.0000 0.0000 0.0000
carcinogens kg B(a)P 0.0000 0.0000 0.0000 0.0000 0.0000
winter smog kg SPM -0.0024 0.0005 0.0001 0.0000 -0.0030
sum m er smog kg C2H4 0.0000 0.0000 0.0002 0.0000 -0.0003
pesticides kg act.subst 0.0000 0.0000 0.0000 0.0000 0.0000
energy resources MJ LHV -32.9927 2.6567 1.8380 0.0000 -37.4874
solid waste kg -0.0001 0.0001 0.0002 1.0000 -0.0004
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Table B3 Results of the impact assessment 1 kg molasses based ethanol by using
CML 2 baseline 2000 V2.03 / World, 1990

Im pact ca tegory ฆ nit Total S tage I S tage 2 Stage 3 Stage 4
abiotic depletion kg Sb eq -0.0102 0.0014 0.0009 -0.0187 0 0062
global warm ing (G W PI00) kg C 02 eq -0.7075 0.3243 0.1421 -1.9371 0.7633
ozone layer depletion (O D P) kg C F C -11 eq 0.0000 0.0000 0.0000 0.0000 0.0000
human toxicity kg 1,4-DB eq -0.2019 0.0065 0.0065 -0.4017 0.1868
fresh w ater aquatic ecotox. kg 1,4-DB eq -0.0138 0.0007 0.0000 -0.0281 0.0136
marine aquatic ecotoxicity kg 1,4-DB eq -131.7483 4.6497 0.0927 -266.6218 130.1312
terrestrial ecotoxicity kg 1,4-DB eq -0.0042 0.0001 0.0000 -0.0082 0.0039
photochem ical oxidation kg C2H4 0.0002 0.0000 0.0000 0.0000 0.0001
acidification kg S02  eq 0.0006 0.0013 0.0009 -0.0035 0.0020
eutrophication kg P 0 4 — eq 0.0418 0.0002 0.0002 -0.0002 0.0416

Table B4 Results of the impact assessment 1 kg molasses based ethanol by using 
Eco-indicator 95 V2.03 / Europe e

Im pact ca tego ry บท it T otal Stage 1 Stage 2 S tage 3 Stage 4
greenhouse kg C 02 -0.7190 0.3066 0.1414 -1.9137 0.7467
ozone layer kg CFC11 0.0000 0.0000 0.0000 0.0000 0.0000
acidification kg S 02 0.0012 0.0014 0.0011 -0.0032 0.0019
eutrophication kg P 0 4 0.0418 0.0001 0.0002 -0.0002 0.0416
heavy m etals kg Pb 0.0000 0.0000 0.0000 0.0000 0.0000
carcinogens kg B(a)P 0.0000 0.0000 0.0000 0.0000 0.0000
winter smog kg SPM -0.0004 0.0006 0.0001 -0.0028 0.0017
summ er smog kg C2H4 0.0001 0.0000 0.0002 -0.0003 0.0001
pesticides kg act.subst 0.0000 0.0000 0.0000 0.0000 0.0000
energy resources MJ LHV -17.7479 2.8130 1.9441 -35.2854 12.7804'
solid waste kg -0.0005 0.0001 0.0002 -0.0009 0.0001
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Table B5 Results of the impact assessment 1 kg sugarcane based BSA by using
CML 2 baseline 2000 V2.03 / World, 1990

Im pact ca tego ry บท it T o ta l S tage 1 Stage 2 S tage 3 Stage 4
abiotic depletion kg Sb eq 0.0078 0.0008 0.0005 -0.0101 0 0166
global w arm ing (GW P100) kg C 02 eq 1.1 173 0.1781 0.0778 -1.0441 1.9055
ozone layer depletion (ODP) k g C F C -l 1 eq 0.0000 0.0000 0.0000 0.0000 0.0000
human toxicitv kg 1,4-DB eq 0.0410 0.0036 0.0036 -0.2165 0.2504
fresh water aquatic ecotox. kg 1,4-DB eq 0.0094 0.0004 0.0000 -0.0152 0.0241
marine aquatic ecotoxicity kg 1,4-DB eq 52.8513 2.5544 0.0508 -143.7080 193.9541
terrestrial ecotoxicity kg 1,4-DB eq 0.00 II 0 .0 00 1 0.0000 -0.0044 0.0054
photochem ical oxidation kg C2H4 0.0002 0.0000 0.0000 0.0000 0.0002
acidification kg S 02  eq 0.0045 0.0007 0.0005 -0.0019 0.0052
eutrophication kg P 0 4 — eq 0.0006 0.0001 0.0001 -0.0001 0.0005

Table B6 Results of the impact assessment 1 kg sugarcane based BSA by using 
Eco-indicator 95 V2.03 / Europe e

Im pact ca tego ry Unit Total Stage 1 Stage 2 S tage 3 Stage 4
greenhouse kg C 0 2 1.0984 0.1685 0.0774 -1.0315 1.8841
ozone layer k g C F C I 1 0.0000 0.0000 0.0000 0.0000 0.0000
acidification kg ร 0 2 0.0050 0.0007 0.0006 -0.0017 0.0053
eutrophication kg P 0 4 0.0006 0.0001 0.0001 -0.0001 0.0005
heavy metals kg Pb 0.0000 0.0000 0.0000 0.0000 0.0000
carcinogens kg B(a)P 0.0000 0.0000 0.0000 0.0000 0.0000
winter smog kg SPM 0.0023 0.0003 0.0001 -0.0015 0.0034
summ er smog kg C2H4 0.0002 0.0000 0.0001 -0.0001 0.0002
pesticides kg act.subst 0.0000 0.0000 0.0000 0.0000 0.0000
energy resources M l LHV 12.6821 1.5454 1.0640 -19.0187 29.0913
solid waste kg 0.0020 0.0000 0.0001 -0.0005 0.0023
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Table B7 Results of the impact assessment 1 kg cassava based BSA by using CML
2 baseline 2000 V2.03 / World. 1090

Im pact ca tegory Unit T otal S tage 1 S tage 2 Stage 3 S tage 4
abiotic depletion kg Sb eq 0.0192 0.0006 0.0003 0.0017 0 0166
global w arm ing (G W PI00) kg C 02 eq 2.2341 0.0942 0.0463 0.1881 1.9055
ozone layer depletion (O D P) kg C FC -11 eq 0.0000 0.0000 0.0000 0.0000 0.0000
human toxicity kg 1.4-DB eq 0.2660 0.0118 0.0021 0.0017 0.2504
fresh w ater aquatic ecotox. kg 1,4-DB eq 0.0259 0.0016 0.0000 0.0002 0.0241
marine aquatic ecotoxicity kg 1,4-DB eq 207.2379 12.0116 0.0302 1.2420 193.9541
terrestrial ecotoxicity kg 1.4-DB eq 0.0058 0.0004 0.0000 0.0000 0.0054
photochem ical oxidation kg C2 H4 0.0002 0.0000 0.0000 0.0000 0.0002
acidification kg S02  eq 0.0081 0.0020 0.0003 0.0006 0.0052
eutrophication kg P 0 4 — eq 0.0011 0.0004 0.0001 0.0002 0.0005

Table B8 Results of the impact assessment 1 kg cassava based BSA by using Eco- 
indicator 95 V2.03 / Europe e

Im pact ca tego ry U nit T o ta l Stage 1 Stage 2 S tage  3 S tage 4
greenhouse kg C 0 2 2.2087 0.0907 0.0461 0.1878 1.8841
ozone layer k g C F C ll 0.0000 0.0000 0.0000 0.0000 0.0000
acidification kg S 0 2 0.0086 0.0023 0.0004 0.0006 0.0053
eutrophication kg P 0 4 0.0011 0.0004 0.0001 0.0002 0.0005
heavy metals kg Pb 0.0000 0.0000 0.0000 0.0000 0.0000
carcinogens kg B(a)P 0.0000 0.0000 0.0000 0.0000 0.0000
winter smog kg SPtvl 0.0043 0.0002 0.0000 0 0006 0.0034
summer smog kg C2H4 0 0004 0.0001 0.0001 0.0000 0.0002
pesticides kg act.subst 0.0000 0.0000 0.0000 0.0000 0.0000
energy resources MJ LHV 33.6406 1.2716 0.6334 2.6443 29.0913
solid waste kg 0.0031 0.0003 0.0001 0.0004 0.0023
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Table B9 Results of the impact assessment 1 kg sugarcane based LA by using CML
2 baseline 2000 V2.03 / World, 1990

Im pact ca tegory Unit Total Stage 1 S tage 2 Stage 3 Stage 4
abiotic depletion kg Sb eq 0.0002 0.0007 0.0005 -0.0101 0 0091
global warming (GWPIOO) kg C 0 2  eq 0.1951 0.1761 0.0772 -1.0441 0.9859
ozone layer depletion (ODP) kg C F C -1 1 eq 0.0000 0.0000 0.0000 0.0000 0.0000
human toxicity kg 1,4-DB eq 0.1525 0.0035 0 0035 -0.2165 0.3619
fresh w ater aquatic ecotox. kg 1,4-DB eq 0.0343 0.0004 0.0000 -0.0152 0.0491
marine aquatic ecotoxicity kg 1,4-DB eq 147.5945 2.5257 0.0504 -143.7080 288.7264
terrestrial ecotoxicity kg 1,4-DB eq 0.0013 0.0001 0.0000 -0.0044 0.0056
photochem ical oxidation kg C2H4 0.0008 0.0000 0.0000 0.0000 0.0008
acidification kg S 02  eq 0.0085 0.0007 0.0005 -0.0019 0.0092
eutrophication kg P 0 4 —  eq 0.0026 0.0001 0.0001 -0.0001 0.0025

Table BIO Results of the impact assessment 1 kg sugarcane based LA by using Eco- 
indieator 95 V2.03 / Europe e

Im pact ca tegory Unit T o ta l S tage 1 S tage 2 Stage 3 Stage 4
greenhouse kg C 02 0.1551 0.1666 0.0769 -1.0315 0.9432
ozone layer kg CFC 11 0.0000 0.0000 0.0000 0.0000 0.0000
acidification kg ร0 2 0.0079 0.0007 0.0006 -0.0017 0.0083
eutrophication kg P 04 0.0026 0.0001 0.0001 -0.0001 0.0025
heavy metals kg Pb 0.0000 0.0000 0.0000 0.0000 0.0000
carcinogens krg B(a)P 0.0000 0.0000 0.0000 0.0000 0.0000
winter smog kg SPM 0.0060 0.0003 0.0001 -0.0015 0.0071
summ er smog kg C2H4 0.0005 0.0000 0.0001 -0.0001 0.0005
pesticides kg act.subst 0.0000 0.0000 0.0000 0.0000 0.0000
energy resources MJ LHV 10.5948 1.5280 1.0568 -19.0187 27.0286
solid waste kg 0.0902 0.0000 0.0001 -0.0005 0.0905
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Table B11 Results of the impact assessment 1 kg cassava based LA by using CML
2 baseline 2000 V2.03 / World, 1990

Impact category Unit Total Stage 1 Stage 2 Stage 3 Stage 4
abiotic depletion kg Sb eq 0.0116 0.0006 0.0003 0.0017 0 0091
global warm ing (G W PI00) kg C 02 eq 1.3095 0.0906 0.0449 0.1881 0.9859
ozone layer depletion (O D P) kgC F C -l 1 eq 0.0000 0.0000 0.0000 0.0000 0.0000
human toxicity kg 1,4-DB eq 0.3771 0.0114 0.0021 0.0017 0.3619
fresh water aquatic ecotox. kg 1,4-DB eq 0.0507 0.0015 0.0000 0.0002 0.0491
marine aquatic ecotoxicity kg 1,4-DB eq - . 301.5560 II .5583 0.0293 1.2420 288.7264
terrestrial ecotoxicity kg 1,4-DB eq 0.0060 0.0004 0.0000 0.0000 0.0056
photochem ical oxidation kg C2H4 0.0008 0.0000 0.0000 0.0000 0.0008
acidification kg S 02  eq 0.0120 0.0019 0.0003 0.0006 0.0092
eutrophication kg P 0 4 — eq 0.0031 0.0004 0.0001 0.0002 0.0025

Table B12 Results of the impact assessment 1 kg cassava based LA by using Eco- 
indicator 95 V2.03 / Europe e

Impact category Unit Total Stage 1 Stage 2 Stage 3 Stage 4
greenhouse kg C 0 2 1.2630 0.0873 0.0447 0.1878 0.9432
ozone layer kg C F C I1 0.0000 0.0000 0.0000 0.0000 0.0000
acidification kg S 02 0.0114 0.0022 0.0004 0.0006 0.0083
eutrophication kg P 0 4 0.0031 0.0004 0.0001 0.0002 0.0025
heavy metals kg Pb 0.0000 0.0000 0.0000 0.0000 0.0000
carcinogens kg B(a)P 0.0000 0.0000 '  0.0000 0.0000 0.0000
winter smog kg SPM 0.0079 0.0002 0.0000 0.0006 0.0071
summ er smog kg C2H4 0.0007 0.0001 0.0001 0.0000 0.0005
pesticides kg act.subst 0.0000 0.0000 0.0000 0.0000 0.0000
energy resources MJ LHV 31.5109 1.2236 0.6144 2.6443 27.0286
solid waste __________ 0.0912 0.0003 0.0001 0.0004 0.0905



Table B13 Results of the impact assessment 1 kg cassava based ethanol by using
CML 2 baseline 2000 V2.03 / World, 1990

Im pact ca tegory Unit Total Stage 1 S tage 2 Stage 3 Stage 4
abiotic depletion kg Sb eq 0.0087 0.0007 0.0004 0.0008 0 0069
global w anning (G W P I00) kg C 02  eq 2.0018 0.1155 0.0567 0.1215 1.7081
ozone layer depletion (O D P) kg C F C -11 eq 0.0000 0.0000 0.0000 0.0000 0.0000
human toxicity kg 1.4-DB eq 0.2191 0.0145 0.0026 0.0002 0.2018
fresh w ater aquatic ecotox. kg 1,4-DB eq 0.0165 0.0019 0.0000 0.0000 0.0146
marine aquatic ecotoxicity kg 1,4-DB eq 152.8416 14.7312 0.0370- - 0.0061 138.0673
terrestrial ecotoxicity kg 1,4-DB eq 0.0046 0.0005 0.0000 0.0000 0.0042
photochemical oxidation kg C2H4 0.0001 0.0000 0.0000 0.0000 0.0001
acidification kg S 02  eq 0.005Û 0.0024 0.0003 0.0001 0.0021
eutrophication kg P 0 4 —  eq 0.0122 0.0005 0.0001 0.0000 0.0117

Table B14 Results of the impact assessment 1 kg cassava based ethanol by using 
Eco-indicator 95 V2.03 / Europe e

Im pact ca tegory U nit T o ta l S tage 1 Stage 2 Stage 3 S tage 4
greenhouse kg C 02 1.9793 0.1113 0.0565 0.1214 1.6901
ozone layer k g C F C ll 0.0000 0.0000 0.0000 0.0000 0.0000
acidification kg S02 0.0054 0.0028 0.0004 0.0002 0.0020
eutrophication kg P 04 0.0122 0.0004 0.0001 0.0000 0.0117
heavy metals kg Pb 0.0000 0.0000 0.0000 0.0000 0.0000
carcinogens kg B(a)P 0.0000 0.0000 0.0000 0.0000 o.ooo'o
winter smog kg SPM 0.0021 0.0003 0.0000 0.0001 0.0017
sum m er smog kg C2H4 0.0004 0.0001 0.0001 0.0000 0.0001
pesticides kg act.subst 0.0000 0.0000 0.0000 0.0000 0.0000
energy resources MJ LHV 17.9253 1.5595 0.7764 1.5760 14.0134
solid waste kg 0.0007 0.0004 0.0001 0.0002 0.0001



Table B 15 Results of the impact assessment 1 kg cassava rhizome based ethanol by
using CML 2 baseline 2000 V2.03 / World, 1990

Impact category Unit Total Stage 1 Stage 2 Stage 3 Stage 4
abiotic depletion kg Sb eq 0.0097 0.0001 0.0002 0.0000 0 0095
global w arm in g (G W PI00) kg C 02  eq 2.2031 0.0004 0.0279 0.0002 2.1650
ozone layer depletion (ODP) kg C F C -11 eq 0.0000 0.0000 0.0000 0.0000 0.0000
human toxicity kg 1,4-DB eq 0.2823 0.0000 0.0013 0.0000 0.2797
fresh w ater aquatic ecotox. kg 1,4-DB eq 0.0218 0.0000 0.0000 0.0000 0.0216
marine aquatic ecotoxicity kg 1,4-DB eq 188.6221 0.0453 0.0182 0.0003 187.3386
terrestrial ecotoxicity kg 1,4-DB eq 0.0056 0.0000 0.0000 0.0000 0.0056
photochem ical oxidation kg C2H4 0.0243 0.0000 0.0000 0.0000 0.0242
acidification kg S 02  eq 0.0040 0.0000 0.0002 . . 0.0000 0.0036
eutrophication kg P 0 4 — eq 0.0003 0.0000 0.0000 0.0000 0.0002

Table B16 Results of the impact assessment 1 kg cassava rhizome based ethanol by 
using Eco-indicator 95 V2.03 / Europe e

Impact category Unit Total Stage 1 Stage 2 Stage 3 Stage 4
greenhouse kg C 0 2 2.1778 0 0 0 9 6 0 0278 0.0002 2.1403
ozone layer k g C F C ll 0.0000 0.0000 0.0000 0.0000 0.0000
acidification kg S 02 0.0038 0.0000 0.0002 0.0000 0.0034
eutrophication kg P 0 4 0.0003 0.0000 0.0000 0.0000 0.0002
heavy m etals kg Pb 0.0000 0.0000 0.0000 0.0000 0.0000
carcinogens kg B(a)P 0.0000 0.0000 0.0000 0.0000 0.0000
winter smog kg SPM 0.0027 0.0000 0.0000 0.0000 0.0027
summ er smog kg C2H4 0.0164 0.0000 0.0000 0.0000 0.0163
pesticides kg act.subst 0.0000 0.0000 0.0000 0.0000 0.0000
energy resources MJ LHV 19.7593 0.0048 0.3824 0.0023 19.2407
solid waste kg 0.0002 0.0000 0.0000 0.0000 0.0002



Appendix c  Calculations

Life cycle inventory of BSA from Cok et al. (2013) was not completely dis
closed. Therefore, some of inputs such as sugar, lime (Ca(OH)2), and hydrochloric 
acid (HC1) have to be calculated from the related existing data, i.e., patent US 
20120238722A1.

The procedures of BSA production are briefly described as follow:
1 ) The medium of preculture and growth phase is prepared which has 20 g/L 

gatactose as the main component.
2) The 50%wt glucose is fed to produce BSA as shown in figure below.
3) Broth is maintained at pH 5 by using 6 N KOH.

A c tu a l g lucose feed p ro file  ( lu r in g  fe rm en ta tion
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Assumtions
1) Sugar and titrants from patent US 20120238722A 1 in Example 3 is esti

mated as same value as in journal because it belongs to DSM and Ro
quette and this Example use yeast as microorganism.

2) Medium of preculture and growth phase is assumed as galactose 20 g/L 
because main component is galactose 20 g/L.
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3) BSA concentration is still 34.5 g/L in case of pH = 3
4) Ca(OH)2 can completely replace KOH.

Definitions
gal = galactose 
KOH6N = 6 N KOH 
Constants
pg.,1 = 1.723 g/cm 3

pKOH6N = 1.1 72 g/cm3
Mcn(OH)2 = 74.09 
BSA data pK.,1 = 4.2 

pKa2 = 5.6

gal20 = 20 g/L galactose 
HC130 = 30% HC1

pgai20 = 1 -008 g/cm3
pHCljO = 1.1493 g/cm3 -
M hci = 36.46  
Ka, = 10-42 
Ka2 = 10'5-6

glu50 = 50%wt glucose

pgiu50 =1.21 g/cm3 
Mkoh = 56.1

Start with medium ; galactose 20 g/L 700 kg V |=  694.44 L
Then, feed sugar ; glucose 50%wt 70.125 g v 2 = 57.95 L
BSA concentration in final broth ; [BSA] = 34.5 g/L
Maintain pH = 5 by 6 N KOH ; 6 N KOH V} = ?
Total volume (1) ; v t| = V| + v 2 + v 3 = 752.39 + v 3

HO .OH!0 + 2KOH + 2H20
pH < 7 buffer formula is applied
Remaining weak acid ; 3 —bCjj Vjj

aVr
_ 2(0.29)vc1 -

ท M* v t 1
•iÇéjVj

Generated salt : r 1[ร] - _ 1(6)V}
aVr 2V:i

Diprotic acid (BSA) ; [H +  = 1 _ ,2(0.29)Vt l . 
L 6 V 3

[H*h = ^  KaJ - iHr;,h  K .i

Summation of [H+] ะ [H+] 1 + [H+]2 =[Hๆ, + ^ > ‘ K S. = [+ ],{ ! + ๆ 0
Due to Reverdia fermentation at pH < 3. pH 3 is therefore applied instead of pH 5;

3 _ f 1-2(££9)¥^ - 0V310-=  {[ ]x  1 0 '42 } x ( l  + .ริV-ว
2 XI O’ 56

6 Va ■ vt 1)
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36V32xlO'3 = (0.58Vj + 0.58x752.39 - 6V3)xlO'42[6 ¥ 3 + (2V3 + 752.39x2)xl0'56] 
36V32x l0 '2 = (436.3862 -  5.42V3)[6V3 + 2 x l0 '56v 3 + 1504.78x1 O' 5 6]

0 = (603.08)V32 -  (2.618.2989)V3-  1.649 
V3 = 4.342 L

So : V,, = 752.39 + v 3 = 756.732 L
Then : BSA = (34.5 g/L)xV„ = 26.107 kg
According to Li et al. (2010)_yield of direct crystallization is 70%;

BSA = (26.107 kg)x0.70= 18.2749 kg 
So ; Glucose = 35.06 kg
Then ; KOH = (6 mol/L)(V3)(MKOH) ~ 1.4615 kg
Find Ca(OH): from equivalent OFT ; EiL22i = 2 x^ C3,'•๐ K-'2

Therefore KOH = 1.4615 kg equivalent to Ca(OH)i = 0.965 kg
To produce BSA 1 ke. use sugar = "3"0d = 1.918 kg1 8 .2 7  kgBSA

Ca(OH); = = 0.0528 kg
From Cok et al. (2013) ; Total titrants = Ca(OH)2 + HCI30 = 0.128 kg
So : HCI30 =0.128 - 0.0528 = 0.0752 kg
For direct crystallization. pH < 2 (Li et al.. 2010, Lin et al.. 2010)
Recheck whether pH of broth less than 2 if HC130 = 0.07 5 2 kg/kg BSA feed into fer
menter;

HCI30 = (^ ; ^ )(18.275 kg BSA) = 1.3743 kg . VHCI30 = 1.1958 L 

HC1 = (30%>(1.3743 kg) = (0.4123 kg)/(3 AG 9) = 11.308 mol

f is
2 °' + 2 HCl —  HO o + CaCL

Initial [ร] = 0.0172 11.308 0 0
Rxn -0.0172 -0.0172x2 +0.0172 +0.0172
Final 0 11.2739 0.0172 0.0172
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Total volume (2) : v t 2  = V,I + Vhcbo = 757.928 L
Remaining strong acid; [H+] = Î  1.2 739- m o l

vt2 = 0.01487 mol/L

[H+] from new BS A ; [H+] 1 = ÿ Ka1 [a] = v' Ka1 (0.017 2)
แ ก 2 =  v K â: [ H  ๆ 1

[H+] from old BSA; [H+]
Y[H+] = 0.01487 + 1.0418x10'3 + 5.1154*10’5_+ 10’3
pH = -logI[H+] = 1.77<2
Therefore HCho = 0.0752 kg/kg BSA can be stood.

= 1.0418x10’3 mol/L 
=5.1154x10'5 mol/L 
= 10'3 mol/L 
= 0.0268 mol/L

#

However, the amount oi sugar used should be calculated from commercial 
scale (Cok et ak, 2013) instead of pilot scale from patent.
Calculate CO2 uptake of corn during cultivation fromVink et al. (2010) ;

Energy content of corn 
Nonrenewable energy use 
So. corn use
The gross greenhouse gas take-up 
Therefore. CO2 uptake of corn 

Calculate sugar use from Cok et al. (2013 ) ; 
The gross greenhouse gas take-up 
So. corn use
From another DSM journal referred 
Allocated corn use to produce sugar 
Therefore, sugar use

= 16.3 MJ/kg Corn 
= 24.9658 MJ/kg PLA 
= 1.5316 kg Corn/kg PLA 
= -1.94 kgC 02/kg PLA 
= -1.2666 kg C 02/kg Corn

= -1.5 kg C 02/kg BSA 
= 1.18427 kg Corn/kg BSA 

(Tsiropoulos et ak, 2013)
= 1.06 kg Corn/kg Sugar (dry solid)
= 1.1172 kg Sugar/kg BSA #
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